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I. INTRODUCTION TO COLLIDER PHYSICS 

These lectures are intended to provide a introduction to the physics of hadron- 

hadron colliders present and planned. During the last twenty years, great theoretical 

advances have taken place. The situation in elementary particle physics has been 

transformed from the state (twenty years ago) of a wealth of experimental results for 

which there was no satisfactory theory to the situation today in which essentially all 

experimental results fit comfortably into the framework of the Standard Model. 

The current generation of hadron-hadron colliders will allow detailed tests of the 

gauge theory of the strong interactions, QCD; while the hadron-hadron colliders 

which are being planned now will be powerful enough to probe the full dynamics 

of the electroweak interactions of the Weinberg-Salam model. The experiments 

performed at these colliders will confront this standard model and may show it 

inadequate for as we will discuss it is very likely incomplete. 

After a brief review of the status of the standard model and experimental facil- 

ities present and planned, this introductory lecture will deal with the basics. The 

connection between hadron-hadron collisions and the elementary subprocesses will 

be reviewed, along with a discussion of the parton distribution functions which play 

a central role in this connection. 

The second lecture will concentrate on QCD phenomenology. The basic two to 

two parton subprocess will be reviewed and applications to jet physics discussed. 

The two to three processes and their relation (in leading logarithmic approximation) 

to the two to two processes is demonstrated. Finally the production of the top quark 

is discussed. 

The third lecture will concentrate on the other half of the standard model gauge 

theory, the electroweak interactions. The Weinberg-Salam model is reviewed. The 

main focus of this lecture is the fermions and gauge bosons of the electroweak model; 

the scalar sector is left to lecture four. The production and decay properties of single 

W”s and Z”‘s are considered at present and future collider energies. Electroweak 

gauge boson pair production is also considered, with emphasis on what can be 

learned about the structure of the gauge interactions from measurement of pair 

production. Finally minimal extensions of the standard model are considered. In 

particular, the possibilities of a fourth generation of quarks and leptons and a W’ 
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or 2’ are considered. 

The fourth lecture will be devoted to the scalar sector of the electroweak the- 

ory. The limits on the Higgs ma5s (or self coupling) and fermion mssses (Yukawa 

couplings) imposed by the condition of perturbative unitarity are presented. The 

prospects for discovery of the standard Higgs are discussed. Finally ‘t Hooft’s nat- 

uralness condition is used to argue the unnaturalness (at the TeV energy scale) of 

the Weinberg-Salam model with elementary scalars. The possibilities for building 

a natural theory are discussed in the remaining three lectures. 

In the fifth lecture the possibility of a new strong interaction at the one TeV 

scale will be examined. The basics of Technicolor, Extended Technicolor, and mass 

generation for technipions are reviewed. The phenomenological implications of both 

a minimal model and the more elaborate (and somewhat more realistic) Farhi- 

Susskind model are discussed. 

The sixth lecture is devoted to the possibility that quarks and/or leptons are 

composite. Since no realistic models of compositeness have been proposed, the 

emphasis will be on the general theoretical requirements of a composite model, 

e.g. ‘t Hooft ‘s constraint, and the model independent experimental signatures of 

compositeness. 

In the last lecture the idea of a supersymmetric extension of the standard model 

is invest.igated. The basic idea of N=l global supersymmetry and the present ex- 

perimental constraints on the superpartners of known particles are reviewed. The 

production rates and detection prospects for superpartners in hadron-hadron colli- 

sions are presented. 

There are many very good references to the various aspects of collider physics I 

will be discussing in these lectures and I will attempt to give some sources for each 

of the lectures as I discuss the material. It is however appropriate to mention one 

source before I begin, since I have drawn heavily on it and will refer frequently to it. 

This reference is “Supercollider Physics” by Eichten, Hinchliffe, Lane, and Quigg’, 

hereafter denoted EHLQ. It contains a compendium of the physics opportunities 

for the next generation of hadron-hadron colliders, the so-called Super Colliders. 
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A. Status of the Standard Model 

The present theory of elementary particles and their interactions, the Standard 

Model, is a great success: 

. The fundamental constituents of matter have been identified as leptons and 

quarks. 

. A gauge theory encompassing the weak and electromagnetic interactions has 

been developed. 

. Quark confinement has been explained by an asymptotically free gauge theory 

of colored quarks and gluons, QCD. 

pie known experimental results are inconsistent with the present theory. In fact, 

the basics of the standard model are in a number of recent textbooksr. 

1. The Fundamental Constituents 

The elementary leptons and quarks are arranged into families, or generations. 

For the leptons: 

t), (3‘ cl 
eR PR TR 

and for the quarks: 

(a), CL (3, 
UR , dR CR , SR tR , bR 

All the left-handed fermions appear in SU(2) L weak doublets and the right- 

handed fermions are singlets. The vertical columns form the elements of a single 

generation of quarks and leptons. This pattern is repeated three times, i.e. there are 
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three known generations. The only missing constituent is the top quark, for which 

preliminary evidence has been reported by the UAl Collaboration3 at CERN. 

The fundamental constituents have very simple basic properties: 

. Pointlikeand structureless down to the smallest distance scales we have probed 

(x lo-*s cm) 

l Spin l/2 

. Universal electroweak interactions 

l Each quark comes in three colors 

2. The Gauge Principle 

The gauge principle has become the central building block of all dynamical models 

of elementary particles. As is well known, the gauge principle promotes a global 

symmetry of the Lagrangian, such as a phase invariance or invariance under a set 

of non-Abelian gauge charges, to a dynamics determined by the associated local 

(space-time dependent) symmetry. If, for example, the Lagrangian for a set of free 

Fermion fields 

f = iqz)yar$(Z) 

is invariant under a set of global charges Q. coupling with strength 9 

T+qz) -t e’-$b(z) ( 

(1.1) 

(1.2) 

then to preserve the symmetry under local gauge variations, o.(z), 

&(z) -+ e’-(+!J(z) (1.3) 

massless gauge fields A;(z) transforming according to 

gQ,A:,(z) --t eiga-(‘)Q-[gQ,,AE(z) - ipje-~g~.(~14. (1.4) 

must be introduced and the Lagrangian must be modified to include an interaction 

between the fermions and these gauge bosons as well as kinetic terms for the gauge 
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bosons. The form of these interactions is dictated by the requirement of local gauge 

invariance. The Lagrangian becomes: 

f = G’(z)r’D,tcl(4 + &pm D”l’) (1.5) 

where Tr(Q’Q’) = T260b and 0,” is the gauge covariant derivative 

0," = a, + igQ.A.,(z) (14 

The Lagrangian (Eq. 1.5) describes a set of massless non-Abelian gauge bosons 

interacting with massless fermions but the physical spectrum may realize the gauge 

symmetry in one of three different phases’: 

l Confinement Phase - all physical states are singlets under the non-Abelian 

charges. This is the realization in the case of the color SU(3) gauge interac- 

tions which describe the strong interactions. 

. Higgs Phase - the symmetry is spontaneously broken. Only a subgroup of 

the original symmetry is manifest in the physical spectrum, while the other 

symmetries are “hidden”. In this case the gauge bosons associated with the 

broken symmetries acquire a mass. The sum @ U(1) electroweak interac- 

tions exhibit this behaviour. 

. Coulomb Phase - This is the simplest realization. The symmetry is manifest 

and the gauge bosons are massless physical degrees of freedom. Quantum 

Electrodynamics exhibits this phase. 

Therefore, all three phases of a gauge theory are found in nature. 

In addition to the fermions and the gauge interactions in the standard model, 

fundamental scalars are introduced which interact with the electroweak gauge bosons 

via gauge interactions and with the fermions by Yukawa interactions. The scalar 

self interactions (Higgs potential) are introduced to produce spontaneous symmetry 

breaking at the electroweak scale. There is as yet no direct experimental evidence 

for the scalar sector of the standard model. A detailed discussion of these scalars 

and their interactions is postponed until the third and fourth lectures. 
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The covariant derivative coupling of matter fields (fermions or scalars) with the 

carrier of the color interactions, the gluon field G, is given by: 

0," = 8, + G,Q:G&) 

where Q; is the color charge matrix of the matter field, while the covariant derivative 

coupling of matter fields to carrier of the sum electroweak interactions the W 

gauge triplet is given by: 

0," = a, + igzQRw&) (1.8) 

where Q$ is the SU(2)‘ charge matrix of the matter field. The matter fields interact 

with the carrier of the U(1) gauge interaction B by an Abelian gauge interaction 

(as in QED) with coupling strength gr. 

One can write the standard model including both the strong and electroweak 

interactions in a compact form using these covariant derivatives: 

f = 1 ii$iYD~fDpj + &WID,?,D."lz)+ C GJliy'&tiij 
j=l,*J ja.23 

+ c c i~,;~~(11Sr)ig2Q~W.~,j + $Tr([Dr,D,W]') 
j=1.2.3f=q.I 

+ c c i~I~+y“[igl(~~ + *$)B,~$J,~ 
j=1,2,3 f=q.I 

+,B,- &B,J2 

+ID,” + i$B,)Olz - [-~*l$l~ + X(ldl*)*] 

-i c 3~ r,rr;tLR .;4 + h.C. 
i=1.2,3 

+ c & ,;r,",'('fls)$, gj&- h.c. 
i,j=1.2,3 

+ c qL ,$fj++bR sjd + kc.1 

i,j=l,*J 

with the notation 

hi =$ (I)& and (I:), 

(1.9) 

(1.10) 
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and 

and eia 

for the fermion fields, and 

(1.11) 

(1.12) 

for the scalar fields. The indices i j denote the generation. A possible CP violating 

strong interaction term (the so-called 8 term) as well as gravitation interactions 

have not been included. 

3. Unanswered Questions 

In spite of the great success of the standard model, there are still many open 

questions. A partial list would include: 

l What determines the pattern of quark and lepton masses and the mixing 

angles of the Kobayashi-Maskawa (K-M) matrix5? 

. Why do the quark - lepton generations repeat? How many generations are 

there? 

l Why are there so many arbitrary parameters? In the standard model the 

arbitrary parameters are: 

3 coupling parameters o,, QEM, and sink = sl/ g1 + SW J11 

6 quark masses 

3 generalized Cabibbo angles 

1 CP-violating phase in K-M matrix 

2 parameters of the Higgs potential 

3 charged lepton masses 

1 QCD vacuum phase angle 
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A total of 19 arbitrary parameters. This number is not generally less in Grand 

Unified Models (GUTS) such as SU(5). 

l Is the spontaneous symmetry breaking of the electroweak interactions due 

to the instability of the Higgs potential with elementary scalars as in the 

Weinberg-Salam model or does it have a dynamical origin? If the scalars are 

elementary what determines the mass of the Higgs scalar and is there more 

than one doublet of scalars? 

. Why are all the interactions we know of built on the gauge principle? 

l What is the origin of CP-violation? 

l How is gravity included in a unified way? 

l Are the quarks and leptons of the standard model elementary or composite? 

The known fundamental fields in the standard model are: 

18quarks 3x(u d c s t b) 

6 leptons ( V, e vp @ v, r ) 

1 photon 

3 intermediate bosom (W+ Z” W- ) 

8 colored gluons 

1 Higgs scalar (not yet observed) 

1 graviton (not yet observed) 

A total of 38 “elementary particles” - compare Air, Fire, Earth, and Water 

(A FEW). Is there a more economical substructure? 

There are many theoretical speculations on these questions, but we are not likely 

to advance without new experimental observations. 

B. Experimental Facilities 

Further progress in understanding elementary particles and their interactions will 

depend on the study of phenomena at higher energies/shorter distances. The ex- 

perimental high energy facilities which exist or will exist by 1990 are listed below: 
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Date Reaction Location Accelerator Energy (CM) 

Now pp collisions CERN SFPS 630 GeV 

1986 pp collisions Fermilab TEV I 1,800 GeV 

1987 efe- collisions Stanford SLC 109 GeV 

1989 e+e- collisions CERN LEP 100 GeV (phase 1) 

z 200 GeV (phase 2) 

1990 e*p collisions DESY HERA ‘314 GeV 

Even though the center of msss energies of the hadron machines shown above are 

considerably higher than those of the lepton machines, the center of mass energies 

for the elementary constituent subprocesses are comparable. This is because the 

energy of a hadron is shared among its constituents, so that energy carried by a 

given quark or gluon is typically only a small fraction of the total energy. 

The conclusion drawn from a careful study of the physics potential of the facil- 

ities above is that elementary processes with center of mass energies up to a few 

hundred GeV will be thoroughly explored by these machinesss’*s 

However, a center of maas energy of 1 TeV is an important watershed in particle 

physics. For example: 

. Unitarity limits on the standard model become relevant at about 1 TeV as 

will be shown in lecture 4. 

l If electroweak symmetry breaking is dynamical, the Higgs scalars would be 

fermion-antifermion composite particles. As will be discussed in lecture 5, 

this internal structure, if it exists, should be observable at the one TeV scale. 

l Low energy supersymmetry, which relates bosons and fermions, requires new 

particles whose masses are very likely below one TeV/c*. 

Therefore general arguments ss well as specific speculations indicate that new 

phenomena should be observed at the energy scale of 1 TeV or below. Exploration 

of this energy scale is therefore the minimum requirement of the next generation of 

accelerators. 

The two types of machines which are capable of this exploration are: 
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. A c+e- collider with a beam energy of l-3 TeV. or 

l A hadron collider (pp or pp) with a beam energy of 10-20 TeV, thus producing 

numerous elementary constituent collisions with center of mass energy of a few 

TeV. 

At present there is under serious consideration in the United States a proposal9 to 

build by 1994 a the Superconducting Super Collider (SSC). This SSC would be a pp 

collider operating at a center of rnms energy of 40 TeV with a collision rate for the 

protons (luminosity) of 1033cm-zsec-‘. With present magnet technology( c 5 Tesla 

magnets) this accelerator would be about 20 miles in diameter. A smaller version 

of the SSC, the Large Hadron CoIlider’o (LHC), could be built in the existing LEP 

tunnel. Field strengths of 610 Tesla would give center of mass energies of 10-18 

TeV. The luminosity would depend on the choice of a pp or j~p option for the beams. 

The present hadron-hadron colliders in conjunction with the future SSC provide 

a formidable array of experimental resources for advancing our knowledge. Let me 

now begin the detailed discussion of the physics potential of these machines. 

C. Preliminaries 

In order to understand the strong interactions within QCD, we must be able to 

interpret the hadron collisions in terms of quarks and gluons”. The quarks carry 

flavor, have spin l/2, and are in the fundamental (triplet) representation of SU(3) 

color, whereas the only internal quantum number of the gluons, which are spin 

one bosons, is color and the gluons are in the adjoint (octet) representation of the 

SU(3) color gauge group. Color is confined, which means that all physical states are 

singlets of color SU(3). Therefore, unlike lepton physics in which the elementary 

particles can be studied directly, in strong interactions the physical particles at our 

disposal are the hadrons, which are bound states of the elementary quarks and 

gluons. 

The basic property of QCD at short distance (high energy) is asymptotic free- 

dom; i.e. the coupling strength of QCD becomes weak at short distanceiz. This 

property of QCD allows us to calculate in perturbation theory at high energy. The 

final states associated with high energy interactions are quarks and gluons in per- 

turbation theory but must be hadrons in reality since color is confined. However 
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Figure 1: e*c- annihilation into (a) quark-antiquark pair and (b) quark-antiquark 

pair plus a giuon. Our ignorance of the hadronization process is contained within 

the dashed box 

not all memory of the underlying quark and gluon final state is lost, as the hadrons 

appear in a striking way - M jets - at high energy. For our purposes a jet is simply 

a well collimated isolated spray of hadrons (we leave the precise criteria for a jet to 

the experimentalists). By observing these hadronic jets the underlying quark and 

gluon interactions can be inferred. For example, in c+e- scattering into hadronic 

final states, the lowest order Q.C.D. process is shown in Figure 1. 

The qq Rnd state of QCD perturbation theory is not the physical Rnal state. 

On a diitance scale of the conanement scale (Z Agco), the strong interactions will 

produce sufficient gluons and quark-antiquark pairs to locally neutralize the color 

and produce the color singlet hadrons, the physical final states of the process. This 

hadronization process, is nonperturbative and presently uncalcuiable. It can only be 

modeled phenomenologically ‘). However, at high energies much of the information 

about the perturbative QCD interactions at short distance is remembered by the 

jets.” Crudely speaking the jets CM be mapped one to one onto the quarks and 

gluons of the short distance (perturbative) process. 
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JADE 

Figure 2: A two jet event in the JADE central detector”. The view is along the 

beam direction. Charged and neutral particles are denoted by solid and dotted 

Linen respectively. The energy deposited into lead glass shower counters are given 

in MeV. 
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Figure 2 shows a c*e- event at fi z 30 CeV as seen in the JADE detector 

at PETRA’S. This is a typical two jet event associated with the production of a 

quark-antiquark pair at high energy. The two hadronic jets are clearly visible in the 

event. The kinematic structure of two jet events retain knowledge of the production 

kinematics associated with the elementary process. For the production of two spin 

l/2 fermions from the virtual photon the angular distribution is 

o?u 
- - i +c02e 
dcoae (1.13) 

where 0 is the angle of the quark to the beam direction. To high accuracyl6, mea- 

sured two jet events have this angular behaviour (characteristic of the production 

of two pointlike spin l/2 fermions). 

Sometimes in addition to a quark-antiquark a gluon is produced at short distance 

in e+e- collisions. The frequency of these events is dependent of the strength of the 

strong coupling o,. These events should result in a three jet final state. Such three 

jet events are observed in e*e- collisions. An example is shown in Figure 3. 

Unfortunately, PEP and PETRA energies are not sufficiently high to extract 

from the ratio of three to two jet events the value of the strong coupling without 

relying on the explicit modeling of the hadronization process”. Also no experimen- 

tal procedure has yet been found which on a event by event basis CM distinguish a 

jet associated with a light quark from one associated with a gluon. However all the 

qualitative features of these events agree well with expectations from QCD.‘O 

For hadron-hadron colliiions one would expect that it is much more difficult 

to expose the quark and gluon (partons) interactions, since the initial physical 

statu (the hadrons) have a complicated structure in terms of the fundamental 

constituents- the quarks and gluons. It is true in fact, for many kinematic regions, 

that hadron-hadron collisions CM not be calculated using perturbative QCD. One 

simple example is the pp (or jfp) total cross section. This cross section grows as 

rapidly M the unitarity bound allows. For a detailed discussion of this ‘soft” in- 

teraction physics in hadron-hadron collisions see the excellent review of Block and 

Cahnzo. However, the situation is not ss ~bad for processes which involve a “hard” 

parton interaction. .4 hard parton interaction is one in which all the invariants 

(energy scales) of the process are large and thus QCD perturbation theory should 

apply. We will restrict our attention to these hard processes for the remainder of 
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Figure 3: A three jet event in the JADE central detector”. 
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Figure 4: Hadron-hadron collision showing two to two parton subprocess. 

these lectures. 

D. Parton Distributions 

An example of a hadron-hsdron collision process which involves a high energy aub- 

procas is shown in Figure 4. The incident hadrons are composed of quarks and 

gluons and two of these partons, i and J, are assumed to interact at high energy In 

such a case the final state will be recognizable m containing jets. However, to quan- 

titatively understand the underlying parton interactions, it is necessary to separate 

out the effects of the physical hsdrons. The inclusive cross-section for scattering of 

hadron a and hadron b to hadron c and anything X may be written BS 

du(a+b+c+X) = C -& / d+dz,[f{“(ro, &)fj’)(f*~ @) 
ij 

+(i-j)]G(i+j-c-i-X) (1.14) 

where f!ol(zo, Q2) is the probability that hadron B contains a parton i which carries 

a fraction z. of the hsdron’s momentum: The cross-section for the subprocess 5 

involves only the elementary constituents. The kinematic variables are: 
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l s = (JJ. + P,)* - The square of the total energy of the initial hadrons in their 

CM frame. 

. j = (zap, + z,P~)~ -The square of the total energy of the partons in the 

subprocess CM frame. 

2 = z.rbs z 7s for (P,‘, Pl a 3) . (1.15) 

The parameter T is used extensively in describing the physics of these colli- 

sions. 

. fjz- m invariant of the subprocess which characterizes the physical scales(e.g. 

j, i, or c). The exact invariant depends on the procus. 

For SSC energies, we will be interested in Qa in the range : 

(10CcV)’ a Qa a (1oT~v)~ (1.16) 

Below 10 GeV we probably cannot analyze the subprocesses perturbatively; while 

above 10 TeV (even at SSC energies) the number of partons is insufficient to produce 

observable rates for known subprocesses. The typical x’s are sz m so for & = 

40 TeV we must consider: 

lo-’ 5 I 5 1 . (1.17) 

Clear experimental evidence for jets in the hadronic final state had to wait for 

the UAl and UA2 experiments at the CERN SppS collider. Figure 5 shows a UA2 

two jet event at fi = 630 GeV in the form of a “LEGO” plotzl. This plot presents 

the energy deposition in the detector = a function of the solid angle measured from 

the interaction point. The horizontal axes are: 4, the azimuthal angle about the 

beam direction; and B, the angle measured from the beam direction.The two jet 

structure of this event is obvious. Most of the events observed by UAl or UA2 with 

total ET > 50 GeV have this two jet energy deposition structure. The particular 

event shown in Fig. 5 is special in one way. This event hlu the highest transverse 

energy observed by UA2 in the 1984 run. The total observed transverse energy ww 

267 GeV in a pp collision with a total energy of 630 GeV. The remaining energy 

in this event, can be accounted for by soft hadrons which did not deposit enough 

energy into a cell of the detector to pass a minimum energy cut or by hadrons which 
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Transverse energy deposition 
-- -.a 

Run 3903 Trigger 346024 

Figure 5: A LEG0 plot of the event with the highest total trawverse energy ob- 

served by UA2 in the 1984 run”. The height of each ceil is proportional to the total 

energy deposition. 
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scattered into the far forward or far backward direction where the detector has poor 

efficiency. Clearly it is possible for the fundamental subprocess to have a significant 

fraction of the total available energy. 

b order to quantitatively understand the qusrk/gluon subprocesses it is neces- 

sary to calculate the parton distribution functions f/“(z., 0’). The Q* dependence 

is due to QCD corrections to the Born approximation for the subprocus. of the 

distribution function is known at some Q: which is high enough that QCD per- 

turbation theory is valid, then the distribution function CM be calculated in the 

leading logarithmic approximation (to all orders of perturbation theory) for val- 

ues of Qa > Qi by use of the Altarelli-Parisi equationszz (which are based on the 

renormalization group). Thii evolution gives the well-known Q’ dependent scale 

violation of the parton distribution functions. Therefore the high Qa behaviour of 

these parton distribution functions is completely determined by measuring them 

at some sufficiently high Q: so that they are determined at all higher Q’ within 

perturbative QCD. 

The first step is to determine the parton distributions at some reference Qi. In 

principle one should also be able to calculate these distributions in QCD, but this 

nonperturbative calculation is presently beyond our ability. 

There are constraints on initial distribution functions which arise from valence 

quark counting for the proton (i.e. two up quarks and one down quark): 

/ 
‘dz[u(z,Q’) -a(z,Q’)] = 2 

a 
(1.18) 

/ 
o’dz(d(r,Qz) -&Q’)] = 1 . 

Moreover flavor conservation of the strong interactions implies: 

4f, Q2) = +,Q’) 

C(Z, Q’) = Z(G 9’) 

etc. 

Finally, from momentum conservation: 

(1.20) 

/ 
+ [ g(z,Q2)+u(z,Q2)t~(z,Q*)+d(z,Q1)+~(z,Qz)+2s(z,Q*) 
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+2c(z, Q’) L 2b(z, Q’) f 2t(z, Q’) + .I = I (1.21) 

Analysis of deep inelastic neutrino scattering data from the CDHS experiment’s 

at CERN gives two sets of initial distributions corresponding to different values of 

the QCD scale parameter, Aoco. The first set corresponds to A~oo = 200 Mev 

for which the gluon distribution at the reference Qi is soft, i.e. it hss a paucity 

of gluons at large x. The second set has A QCD = 290 MeV ami hard gluons, i.e. 
relatively more gluons at large x. Explicitly the CDHS analysis gives the following 

input parametrizations: 

ru,(z, 0;) = 1.78~~.~(1 - z’~~‘)~~~ 

+d,(r, 0;) = 0.67z”.‘(1 - z’~~~)‘.~ 

aed for Set 1 with AQCD = 200 MeV (the ‘soft giuo& distribution) 

(1.22) 

zii(z, Q;) = d(z, Q;) = 0.182(1 - I)‘.” 

ZJ(Z, Q:) = 0.081(1 - z)‘.” 

&(I, Q;) = (2.62 + B.l’lz)(l - z)~.*~ (1.23) 

while for Set 2 with AQCD = 290 MeV ( the ‘hard gluons” distribution) 

zii(z, Q;) = d(z, Q;) = 0.185(1 - z)‘.~* 

z3(z, Q;) = 0.0795(1 - z)‘,~’ 

zC(z,Q;) = (1.75 + 15.5752)(1 - z)~,‘~. (1.24) 

For both distributions 

zc(z, Q:) = zb(z, Q;) = zt(t, Q;) = 0 . (1.25) 

The CDHS fit to their measured structure functions Fs and zFs is shown in 

Figure 6. The relation between these measured structure functions and the parton 

distribution functions is: 

2zFX = zi(u+d+aTc+...)+(~+~+a+~+...)] (1.26) 
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Figure 6: The structure functions F7 and zF, versus Q’ for different bins of x from 

CDHS”. The solid lines are the result of their fit Set 1 to the data. 
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F 
I 

= 2rF (1 + R(r.Q’)) 
‘1 i- 4M;r’/Q= 

(1.27) 

ZF3 = r;u - ii + d - a] (1.28) 

where R(z,Q*) is the ratio of longitudinal to transverse cross section in deep- 

inelastic leptoproduction. R is predicted by QCD to go to zero at high Q* like 

l/Q*, the data is not in disagreement with this behaviour however the measure 

ments are not conclusive2’. Different choices for R consistent with the data will 

affect the resulting distribution. The distribution Set 1 above uses R = .I while Set. 

2 assumes the behaviour of R expected in QCD. 

The up and down quark valence distributions can be separated using charged- 

current cross sections for hydrogen and deuterium targets. The parameterization 

use here is discussed by Eisele 2s. Once the valence distributions are known, the sea 

distribution may be determined from measurements of the structure function F2 

on isoscalar targets. It is also necessary to know the flsvor dependence of the sea 

distribution. For this purpose, the strange quark distribution CM be determined 

directly from antineutrino induced dimuon production2s. Dileptons events arise 

mainly from production off the antistrange quarks in the proton hence the rate of 

opposite sign dilepton events gives information about the the ratio of strange to 

antiup quark distributions, assuming that both have the same x dependence. Also 

note that limits on same sign dimuon events put limits on the charm quark content 

of the protons’. 

‘Figure 7 shows a comparison of Set 2 of the distributions defined above with the 

results of the CHARM Collaborations6. We see that there is good agreement with 

the results presented here except for the antiquark distributions. Also a second 

independent experiment measuring the structure functions CCFRR*’ finds that 

Pr(z,Qi) is more strongly peaked at small x than the CDHS results. This again 

suggests a larger sea distribution. Recently, the disagreement has been resolved, 

CDHS has made a new analysis’s which disagrees with their old results and is in 

agreement with the CCFRR results. Thus the sea distributions used here are too 

small at Q& In general the effects of this error will be small since the Q* evolution 

washes out much of the dependence on the initial distribution, BS we will see in the 

case of the gluon distributions shortly. 
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Figure 7: Comparison of the gluon distribution zC(z, Q*) (dashed line), valence 

quark distribution z[uv(z,Q*) + &(z,Qr)] (dot-dashed line), and the eea distribu- 

tion 2z[u.(z,Q*) + d,(t, Q’) + s,(t,Q2) + c,(z,Q*)] (dotted line) of Set 2 with the 

determinstion (shaded bands) of the CHARM CollAborationza. 
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After the determinstion of these distribution functions has been carried out, it is 

necessary to extend them to higher values of Q* by means of renormalization group 

methods of .iltarelli and Parisi. Although A detailed description of this procedure 

is beyond the scope of this lecture (see A. Mueller iecturesz9 for A more extensive 

treatment), I will describe the basic idea of this evolution. 

Let g.(z,Q*) be the valence quark distribution for the proton (u. = u - n). If 

the quark is probed by A virtual photon of momentum Q’ then this photon will be 

sensitive to 0uctuations on the distance scale &$. For example, if the quark has 

a fraction y of the proton’s momentum, then it msy virtually form A gluon and a 

quark which has A fraction z < y of the initial proton momentum. Let z = z/y < 1. 

The probability of observing the quark with fraction s of the initial momentum of 

the parent quark is given by 

- ,.-,.(+WQ*) 4Q') p 
* 

in which the coupling strength o! has been written explicitly. The splitting function 

P(z] is CAlCUlAble in QCD perturbation theory. Finally the renormalization group 

analysis of Altarelli and Parisi shows that 

dqu(zvQ*) 49’) L & 
dln(Q*) n = - ~ yqvb,Q*)%-&I / 

(1.30) 

where the integral over z (0 < s < 1) has been replaced by integration over y 

(z c y < I). This equation then determines the distribution functions for the 

valence quarks. Since the valence quark lines continues throughout the process, the 

evolution of the valence quark distributions is determined by the valence quarks 

alone while the distribution of non-valence quarks and gluons is determined by all 

of the various distribution functions. 

The equation for the evolution in QCD of the valence quark distribution, u(z, Q*) = 

ZUJI, Q*) or z&(z, Q*), ia 

dv(z, 9’) 
WQ21 

+ z*)u(y, Q*) - 24~7 Q’) 
1-Z 

f Q,(Q*) 
y-4' + 41n(;- *)]u(z, Q*) (1.31) 
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where ,, = r/r. The result of numerical integration of these lowest order Altare& 

Parisi equations using the initial distributions of Set 2 (Eq. 1.24 ) is shown in Figure 

8 for valence up quarks. h Qr increases from 10 to 10s the valence momentum 

distribution functions decrease at large x while increasing modestly at small x. This 
shift is caused by the fact that higher x quarks scatter into lower x quarks. 

For the gluon distribution, 0(x, 0’) 2 zC(r, Q’), the evolution is more’ compli- 

cated: 

dg(~,Q*) = a.(91) I& 
dWQ*) / [ 

314Y,QZ) - s+,Q2)1 + 3(1 - r)(l + 2’) 
n I l-2 s oh 9’) 

+;’ + ‘:- *)* r~~qI~d~~Q2) +2wAy~Q’)l] 

+a.(Q*) 11 --[, - !$ + 3ln(l - z)]g(z.Q’) (1.32) 

where Nf is the number of quark flavors. The evolution of the gluon distribution 

is feed by the valence (q.) and sea (q,) quark distributions ss will ss the gluon 

distribution (G) itself. 

Figure 9 shows the evolution for the gluon distribution. The gluon distribution 

is peaked at small x due to the high probability of emission of soft gluons from 

quarks(and other gluons). 

The evolved gluon distribution functions at large Q* and small x (where they 

are peaked) are fairly insensitive to drastic modifications of their initial form at Qt. 

This is because the gluon distributions are determined through the Altarelli-Parisi 

Equation (1.32) by the initial valence quark distributions at larger x. For instance, 

Figure 10 shows the result of modifying the initial gluon distribution of Set 1 (Eq. 

1.23) for z < .Ol , values of x at which there is no existing data. The variations 

were: 
zG(I Qi) = {0.444~-,~ - 1.868 (a) 

25.56r? (b) 
for z < .Ol . (1.33) 

These modifications match continuously at x=0.01 to Set 1 and are constrained to 

change the gluon momentum integral by no more than 10 percent. Fig 10 shows 

that a variation by a factor of 160 at I = IO-’ for Qi yields only a factor of 2 

difference at the same x for Q* = 2000 GeV* This insensitivity at high Q* to the 

initial distribution is reassuring, for it implies that the gluon distribution at small x 
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x u&,Qa) 

Figure 8: The valence up quark distribution of the proton, ru.(z, Qz) , as a function 

of x for various Qa. The rolid, dashed, dot-dashed, sparse dot, and dense dot lines 

correspond to Q* = IO, IO’, lo’, lo’, and IO’ (CcV)’ respectively. 



-26 FERMILAB-Pub-85/178-T 

‘O& x G&Q=) 

Figure 9: The gluon distribution of the proton, zG(z, Q*) , M a function of x 

for various Q’. The solid, dashed, dot-dashed, sparse dot, and dense dot lime 

correapond to Q* = 10, lo’, 105, IO’, end lOa (C&V)’ respectively. 
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Figure 10: The Q* evolution of the gluon distribution zC(z, Q*) given in Set 1 (solid 

lie) M compared to the two variations given in Eq. 1.33 for z = lo-‘. Distribution 

(a) is represented by a dotted line and distribution (b) is represented by a dashed 

line. 
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and lsrge Q* is much better ,determined that our knowledge of the small x behaviour 

at Q; would lead one to expect. 

The light sea quarks, f(r,Q’) = zu.(~,Q*) or +d.(r,Q*) or ZS,(L, Q’), evolve 

according to: 

d(z, Q*) = 2af..*) /I dr[ 
dln(Q’) 

(1 + WY~Q*) - 2WQ') + $* + cl- r)*~g(y Q')] 
* 1-z 8 

,4Q*) 7[~ + iln(l - z)II(GQ*) (1.34) 

The results of numerical evolution for the up antiquark distribution (tu,(z, Q*)) is 

shown in Figure 11. The total up quark distribution function is given by zu.(z, Q*)+ 

ZU,(I, 0’). 

The initial distribution at Q* = Qi wss consistent with zero for the heavy quarks 

and antiquarks (zc,, rb,, ~2,). But the probability of finding a charm, bottom, or 

even top quark in the proton can become significant when the proton is probed 

at high Q*. The evolution for heavy quarks is also dictated by the Altsrelli-Parisi 

Equation but some method must be employed to treat the kinematic effects of 

the nonnegligible mssses of the quarks and the associated production thresholds 

in perturbation theory. The method used wss proposed by Gluck, Hoffman, and 

Reya”. For more details see EHLQ. The evolution equation in lowest order QCD 

for the heavy quark ,distribution, h(z,Q*) = zc,(z,q*) or zb,(z,Q*) or zt,(z, Q’), 

in lowest order QCD is: 

dh(r, Q’) = 2a,(Q*) 

dln(Q*) I 3s * 
’ dz((l + z*P(y, Q*) - 2h(yt Q*) 

1-z 

rni (3 - 42)~ Mm’2’ 
+;[+-)fF lmz - Q: My, Q*) 

3m* 
-2Q’[z(l- 32) + 4~~ln(~)e(u,Q2~l~(P') 

+ 40') n [I + I41 - z)l+,Q*) 

where the velocity of the heavy quark is: 

P=bQZ(l-z) ’ 
4+ 14 
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Figure 11: The up antiquark distribution of the proton, m,(z, Q*) , M a function 

of x for various Q1. The solid, dashed, dot-dashed, sparse dot, and dense dot lines 

correspond to Q* = 10, lo*, 103, lo’, and 10‘ (Get’)* respectively. 
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the strong coupling includes the heavy quark contribution 

l/dQ*) = $I”($) - & g e(Q’ - 16m$n(&) , (1.37) 
l--b,1 P 

and m. = 1.8 GeV/c*, rn, = 5.2 GeV/e*, and m, = 30 GtV/c*. The resulting 

distribution function for the bottom quark is shown in Figure 12. 

As Qz increases the various quark distributions approach the asymptotic forms 

dictated by QCD. At infinite Q’ the masses of the various quarks becomes unimpor- 

tant and valence quark effects will be swamped by the virtual quark pair (i.e. the 

sea) ; hence there should be M SU(6) flavor symmetry in this limit. Furthermore, 

QCD predicts’l (at infinite Q*) the the momentum fraction carried by any of these 

quark flavors to be 3/68 while that the momentum fraction carried by gluons should 

be 8/17. This approach to the asymptotic values is shown in Figure 13. 

The effective parton-parton luminosity is: 

d& _ 7 
rdr= 

-/‘d’S[f!P1(=,j)fjPI(f,j)+(i * j)] 
1+&j I z 

(1.38) 

This effective luminosity is the number of parton i - parton j collisions per unit r 

with subprocess energy j = rs. For a elementary cross section 

with coupling strength c, the total number of events/set, N, is: 

N(events/sec) = Lad,,(r$)pm...6(3) 

where f adron is the hadron-hadron luminosity (measured in cm-’ see-‘). Thus the 

combination 
rdL -- 
i dr 

(1.41) 

contains all the kinematic and parton distribution dependence of the rate. Hence 

this quantity CM be used to make quick estimates of rates for various processes 

knowing only the coupling strength n of the subprocess. This expression (Eq. 1.41) 

is shown for gg, uii, b6, and tS initial parton pairs in Figures 14-16 for the energies 

of the SppS and Tevatron colliders. The corresponding figures for SSC energies are 

given in EHLQ (Figures 32-56). 
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Figure 12: The bottom quark distribution, zb(z,Qz) , a, a function of 

x for various Q’. The dot-dashed, solid, and dotted lines correspond to 

Q’ = l@, lo’, and 10’ (CcV)’ respectively. 
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Figure 13: The fraction of the total momentum carried by each of the partons in 

the proton es a function of Q*. From largest to smallest momentum fraction these 

partons are: gluon, up quark, up (valence only), down quark, down (valence only), 

antiup (or antidown) quark, strange quark, charm quark, bottom quark, and top 

quark. 
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Figure 14: Quantity (r/j)dL/dr (in nb) for gg interactions in proton-antiproton 

collisions at energies: 630 GeV (solid line), 1.6 TeV (dashed line), end 2.0 TeV 

(dot-dashed line). fi is the subprocus energy (in TeV). 
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Figure 15: Quantity (r/i)df/dr (in nb) for ua interactions in proton-antiproton 

collisions at energies: 630 GeV (solid line), 1.6 TeV (dashed line), and 2.0 TeV 

(dot-dashed line). fi is the subprocees energy (in TeV). 
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Figure 16: Quantity (r/i)df/dr (in nb) for b6 interactions in proton-antiproton 

colliiiona at energies: 630 CeV (solid line), 1.6 TeV (dashed line), and 2.0 TeV 

(dot-dashed line). fi is the subprocess energy (in TeV). 
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Finally, it is possible at high enough Q’, to have substantial distributions for 

any elementary particles which couple to either quarks or gluons: For example, the 

luminosities for top quark-antiquark interactions is shown in Figure 17. An even 

more exotic example is the luminosity for eiectroweak vector boson pairs.32 The 

quantity (r/i)dC /dr is shown for transverse and longitudinal W* and Z” bosons at 

fi x 40 TeV in Figuru IS(a) and 18(b) respectively. This property, that hadron 

collisions at high energies contain a broad spectrum of fundamental constituents ss 
initial states in elementary subprocesses, is one of the most attractive features of 

using a ha&on collider for the exploration of possible new physics at the TeV scale. 

To summarize, the extraction of the elementary subprocesses from hadron- 

hadron collisions require knowledge of the parton distributions of the proton. By 

combining experimental data at low Q* and the evolution equations determined by 

perturbation theory in QCD we can obtain these distributions to sufficient accu- 

racy at high energies to translate from the elementary subprocesses to estimates of 

experimental rates in hadron collisions. The evidence for this conclusion is: 

l Cross sections obtained using different parametrizations (Set 1 and Set 2 of 

Eqs. 1.22-1.25) generally differ by less than 20 percent at SSC energies’. 

l The evolved gluon distribution C(z,Q*) is very insensitive to drastic modi- 

fications of the small x (z < IO-*) behaviour at Qi = (5 CcV)* where it is 

unknown experimental’. 

l Corrections to the lowest order Altarelli-Parisievolution equations for fi (z, Q*) 

due to In(z) terms at small x and In(1 - z) terms at large x do not give im- 

portant contributions to the distributions functions in the range of x and QZ 

relevant to new physics at either the present colliders or the SSC35. 
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Figure 17: Quantity (r/i)df /dr (in nb) for tT interactions in proton-proton colli- 

sions at energies: 2 TeV (dashed line), 10 TeV (dot-dashed line), 20 TeV (dotted 

line), and 40 TeV (solid line). fi is the subprocess energy (in TeV). 
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Figure 18: Quantity (r/j)df/dr (in nb) for intermediate vector bosons interactions 

as a function of fi (in TeV) for proton-proton collisions at fi = #I TeV. Trans- 

verse and longitudinal intermediate vector bosons are shown in Figures (a) and (b) 

respectively. In each figure, W+W-, W+W+, W-Zo, W-W-, and Z”Zo pairs 

are denoted by dot-dashed, upper solid, lower solid, upper dashedqnd lower dmhed 

lines respectively. Figure from Ref. 32. 
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II. THE STRONG INTERACTION5 

This lecture is devoted to understanding the jet physics in hadron-hadron co& 

sions in terms of the underlying QCD processes. 

A. Two Jet Physics 

Consider, 5rst, the two to two parton scattering subprocess as shown in Figure Ig. 

Figure 19: Two to two scattering process. 

The invariants rue: 

3 = (PlfP3)' 

i = (PI -P*)' 

0 = (Pl - Pd’ (2.11 

When j and i are both large the physical final state will consist of two jets. Two 

variables that will be very useful in describing the jet kinematics are: 

l y s iln( s), the jet rapidity. The relation between jet rapidity and angle 

of the jet relative to the beam direction is shown in Figure 20. 
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Figure 20: Correspondence of angles to the CM rapidity scale. Also shown is the 

maximum rapidity, ymu = In( fi/‘lMproton) accessible for light secondaries. 
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. pi, the magnitude of the momentum of a jet perpendicular to the beam di- 

rection. 

The differential cross section for incident hadrons a and b to produce a two jet 

Ens1 state with rapidities yr and ys and with given pL is 

d’o 

dy~dyadp, = 

+ /j”‘(~.,Qa)fi(“(~b,Qa)l~;(j,b,i)la] (2.2) 

where f/“’ . 1s the probability distribution function for the iCh parton in the hadron a 

as discussed in the previous lecture. The sum is over all initial state quarks and/or 

gluons which CM contribute and the cross section is summed over all final states 

which are not diitinguishable experimentally. A crossed term must be included 

because parton I may have come from either hadron a or hadron b; and a symmetry 

factor is included to avoid overcounting in the ewe of identical partons in the initial 

state. Also, because the scale (Qz) dependence of the distribution functions, it 

is necessary to know the appropriate value of Q’ for the given subprocess. To 

give a complete determination of this quantity requires analysis beyond the Born 

approximation. A partial estimate of the one loop corrections has been done” which 

suggeats QZ = pi/J. 

The final ingredient needed to determine the differential cross section is the Born 

approximation for the elementary subprocesses. The differential cross section for 

two to two parton scattering can be expressed as: 

and the invariant matrix elementsquared, [Al’, are listed in Table 1 for all the two 

to two processes’s. All partons have been assumed to be massless. 

In the subprocess CM frame the relationship between the scattering angle 0 and 

i or ii is 

i = -~-(1-cos6) 

fi = -~(l+cose) (2.4) 
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Table I: Two to two parton subprocesses. 1.41’ is the invariant matrix element 

squared. The color and spin indices are averaged (summed) over initial (final) 

states. All partons are assumed massless. The scattering angle in the center of 
maw frame is denoted 8. 

Process 

cld-9d 

99-49 

9q+pl? 

9q+9q 

nV-L?o 

99 --nq 

OQ-+B4 

og-‘gg 

IA? 

4 ia + t’ 
s i’ 

;(“‘;~2+!Yg)-g$ 

4 i’ + ii2 -- 
9 ia 

~(j’;“‘+!y)-Lg 

32 P + Cl 8 iz f 12’ 
zi;J-ijl 

1 i* + 0’ 3 iz + ii’ --- 
6 -7 8 3 

4 3 + fi2 Ii’ + 2 -- 
9 it 

+ 
iz 

1 I= r/2 

2.22 

3.26 

0.22 

2.59 

1.04 

0.15 

6.11 

30.4 
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The third column in Table 1 gives the value of iAi2 at 90' in the C&l frame. 

Two features of these cross sections will be particularly important. First, by far 

the largest cross-section is for the process gg - gg. Second, reactions in which 

initial parton type is preserved are considerably larger than those in which the ha1 

partons are different from the initial partons. 

Using the structure functions of Set 2 determined in the lust lecture and the sub- 
process cross section of Eq. 2.3, the single jet inclusive cross section at fi = 549 

GeV is obtained from Eq. 2.1 simply by integrating over yr. The single jet produc- 

tion rate CM then be compared to the data from UAl’s*” and UA23s~3s. As shown 

in Figure 21, one obtains good agreement for A = 290 MeV and Qs = pi/4 at 

rapidity y = 0 (90” in hadron-hadron CM frame). Note that at low pL gluon-gluon 

scattering is dominant whereas at higher PI quark-gluon scattering dominates, and 

at the highest pi quark-quark scattering gives the leading contribution. Presently 

it is not possible to distinguish a light quark from a gluon jet experimentally; the- 

oretical knowledge of which type of jet should be dominate at a given pL will be 

very helpful in Ending their distinct experimental signature. 

In the running at \/s = 540 GeV there was a total integrated luminosity of 

about lOOnb-t. (One nanobarn (nb) is 10-‘3cm2.) Thus if the minimum signal for 

jet study is 10 events/lOGeV pL bin then the highest observable jet pI is about 100 

GeV where the cross section becomes lo-’ nb. 

In Figure 22 the data from UAZ’O is shown for both 6 = 540 GeV and 6 = 630 

GeV along with our theoretical expectations. 

Given the total running at fi = 630 GeV corresponds to an integrated lumi- 

nosity of = QOOnb-‘, the m&mum observable jet pL is z 125 GeV/c. 

If we extrapolate to SSC energies fi = 40 TeV, jets with very high pL will 

be observable. From EHLQ Fig.78, it is found that jets with pL c 4 TeV/c are 

produced at the rate of 10 events per 10 GeV/c bin with an integrated luminosity 

1O’O cm-2, about a year of running at the planned luminosity 10J3 cm-’ set-‘. 

The dominate two jet final states at various total transverse energy of the two jets 

ET a 2p, is shown BS a function of fi for pp collisions in Figure 23. Also displayed 

are the values of ET at which there be one jet event per bin of .Ol pL for integrated 

luminosities of 103s and IO’O cm-’ see-!. Notice that at 6 = 40 TeV the quark- 

quark final states never dominates below these limiting ET’s even for integrated 
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Figure 21: Differential cross section for jet production at y = 0 (90’ CM frame) in 

pp collisions at 540 GeV according to the parton distributions of Set 2. The data 

are from Arnison et. al. (19836 is Ref. 36, 1983d is Ref. 37) and Bagnaia et.al. 

(1983b is Ref. 38, 1984 ia Ref. 39) . 
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Figure 22: Inclusive jet production cross section (from UA2) at y = 0 as a function 

of the jet transverse momentum pL. The data points for two collision energies 540 

GeV (open circles) and 640 GeV (full circles) are compared to QCD predictions of 

Set 2 (solid lines). The additional ayknatic uncertainty ~45 % in the data.‘O 
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luminosity of 10”. 

one can investigate the angular distributions for various processes as a function 

of the subprocess C.&f scattering angle. The scattering processes for lowest order 

QCD given in Table 1 exhibit a forward and backward peak which is due to the 

exchange of a vector particle and is familiar from QED. In fact defining a variable 

(1 +coaB) 
x = (1 - cos e) 

a differential cross section behaving like 

(2.5) 

Le - (1 -clo*O)Z 

becomes 

(24 

(2.7) 

Therefore to a good approximation the behaviour of du/dx in lowest order pertur- 

bation theory is a constant. The expected angular distribution agrees well with the 

UAl data” as shown in Figure 24. 

B. Multijet Events 

Multijet events are also observed. Most of these events are composed of three jets, 

an example from the UAl data” is shown in Figure 25. There are also some four 

jet ‘events; one example of a four jet event from the UA2 data’* is shown in Figure 

26. In this event the four jets emerge at equal angles in a plane perpendicular 

to the beam direction. Four jet events will not be considered further here, since 

the theoretical calculations for the two to four parton QCD processes are still in 

progress45. 

The three jet events arise from the two to three parton scattering subprocess ss 

shown in Figure 27. One invariant is: 

j = (P4 + PSI2 (2.8) 

In the subprocess CM frame pi + p< + p< = 0. 
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Figure 23: Parton composition of the two jet &al states produced in pp collisions 

at 90’ in the CM frame. The solid curves separate the regions in which gg, qg, and 

qq final states are dominant. The upper (lower) dashed line give maximum ET for 

integrated luminosity of 10” (10”) cm? 
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Figure 24: The two jet angular distribution plotted versus x = (1 fcos e)/( 1 -cos e). 

The broken curve shows the leading order QCD prediction, and the soli’d curve 

includes scale breaking corrections. (From Ref. 41) 
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Figure 25: A typical LEG0 plot for a three jet event from the UAl data. (From 

Ref. 41) 
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Figure 28: A LEG0 plot for a four jet event observed in the UA2 data. (From Ref. 

42) 
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Figure 27: Two to three scattering process 

The kinematics is determined in terms of five variables in addition to the total 

energy of the subprocess 6. Three of thme variables, & i=l,2,3, are the fraction 

of one half the CM energy taken by parton i in the &al state: that is, Ei = &G/Z. 

Transverse momentum conservation ensures that 0 2 & < 1, and overall energy 

conservation requires C ii = 2. The other variables are chosen to be 6, the angle 

of the plane formed by the &xl state partons with the beam direction; and 4, the 

azimuthal orientation of this plane with rapect to the beam axis. Let 

Ybooa’ = (VI + Yl + Y3)/3 (2.9) 

then the differential cross-section for this process can be written as 

+(i - dl 

where 

z* = ken.., 

(2.11) 

(2.12) 
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a = de-n.... (2.13) 

Q’ = i/4. (2.14) 

and lhj(2 + 3)1’ is the absolute square of the invariant amplitudes computed by 

Berends, et. al.“. 

For the symmetric configuration, & = 213 for i = 1,2,3, yboMl = 0 and 0 = 0, 

the expected cross section is given in Figure 28 for 6 = 540 GeV. Even at the 

highest pL shown the three quark jet Rnal state does not dominate. 

Instead of a detailed analysis of the kinematics for multi-jet processes it is more 

useful and imtructiie to do a simple theoretical calculation for a particular process. 

One of the most straightforward is the gg - ggg which has been computed by 

Berends et al.“. Defining a symmetric set of k. for i = 1, . . . . 5 from the momenta 

of Figure 27 by: 

ks = -pl k4 = -p, kS = -p, 

ki = PS ka = PC 

the invariant amplitude squared for the two to three process is: 

l-#-s = &k-‘;;; &WW 

(2.15) 

(2.16) 

(2.17) 

where: 

k mn = (km, + k,,)*/2 = k, . k, 

for gluons on the mass shell, and 

(2.18) 

(12345) = kukdd.skal (2.19) 

In the limit in which two of the final gluons become collinear (for example, 4 and 

S), the amplitude simplifies considerably. In this case, k, and kS become parallel 

and may be written as 

k4 = (1 - z)k and kS = zk (2.20) 
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Figure 28: Differential croea action (thick line) for symmetric three jet produc- 

tion in pp collisions at 540 GeV, according to the diitributiona of Set 2. The ggg 

(dot-dashed lime), ggq (dotted lime), gqq (thin he), and qqq (dashed line) compo- 

nents cue rhown sermstely. 
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where k is the total momentum of these two &tons and x is the fraction of this 

momentum which is carried by gluon 5. Then the leading behaviour of k,r is 

k.6 = I( 1 - 2)k’ + 0 . (2.21) 

The dominant contribution to the squared amplitude (Eq. 2.15) may now be 

calculated as follows. First the denominator is expanded to give the leadiig pole 

behaviour of IA/:,, 

n ,<,k,, - k,zk,,k&(l - z)]‘k’(k . k,k. ktk . ks)’ (2.22) 

and the leading terms in the numerator are retained 

12345) * c lOz’(l - z)‘[(k 3 k,)(k . k,)*(k + k,)(kl . k,)] 
p*rPI1.1.3 

= 2Ozr(l - z)‘(k . kt)(k . kl)(k . kJ)[kll(k. k3) 

+k& . h) + ks,(k . h)] 

and 

(2.23) 

c k:, + k:, + k:, + k;, + (z’ + (1 - z)‘)[(k . k,)’ + (k . kz)’ + (k . k,)‘] (2.24) 
m<n 

where the expressions in Eqs. 2.18 and 2.19 have been used for k4, ks, and k46. 

Equation 2.22 may be simplified to give: 

(k$ + k:, + k;,)[l + z’ + (1 - z)‘] (2.25) 

where k. k = k, . k, (i,m,n are cyclic permutations of 1,2,3) since cz, ki + k = 0. 

Now the 2 + 3 gluon process is rewritten to give 

IAi;,3 -t ; I1 :1;;’ (:);k:)41 (llfzk; :“: k’l) [k;, + ki3 + k&l 
12 a3 31 

(2.26) 

The above squared amplitude may be compared with the 2 -L 2 gluon pro- 

cws (whose squared amplitude is given in Table 1) by reexpressing the momenta 

kl, k2, k3, and k of Eq. 2.24 in terms of the invariants of the 2 + 2 process: 
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J = 2kl. kl, t = 2k,. k3, and u = 2kl . kg. We have: 

16(k:, + k$ + k:,) = s’ i t’ + u’ = ?(srt* i r’u* i U’S*) (2.27) 

4(k:, + k:s + k:,) = 32 + t’ + u* = -2(d + tu + us) (2.28) 

Thus the factors containing the momenta kj ln Eq. 2.24 become: 

4(3 - ; - y - ;I = ~~A~;-, 

Therefore, the leading pole behaviour of the 2 + 3 squared amplitude M two gluons 

(4 and 5 here) become collinear is given in terms of the 2 --+ 2 process by: 

I4L.3 + jA[&(3[& + (’ - “‘F + ‘)]) 

where 345 = 22(1 - z)kz. Thi equation is represented symbolically in Figure 29. 

Thus the 8nal result is that the leading behaviour of the two to three gluon 

scattering process as any two gluons become collinear is given by the product ot: 

(1) The sesociated two to two process with the two colliiear gluons being replaced 

by one on shell (massless) gluon with momentum, k , equal to the sum of their 

momenta, k, + k6; (2) The propagator pole l/s’s, snd (3) The Altarelli-Parisi (A- 

P) splitting function (see eq. 1.32) for g + 99, i.e. the probability for a gluon 

to splitting into two carrying fractions x and l-x respectively of the initial gluon 

momentum. 

This result is a general feature of all the higher order processes in QCD, the lead- 

ing bebaviour of the N parton process M two parton momentum become collinear is 
‘. 

given m terms of the msociated N-l parton process, a pole containing the singular- 

ity, and the relevant A-P splitting function. Since the amplitudes of QCD parton 

processes have only been calculated for N < 4 (even in tree approximation), Monte 

Carlo calculations of multijet processes in hadron collisions have taken advantage 

of the relation Eq. 2.28 to express the leading pole approximation to the N parton 

process in terms of the 2 --* 2 process and the quark and gluon splitting functions. 

In fact, this approximation is then used everywhere even used outside of its range 

of validity; for example, for three jet events in which no two of the jets are collinear. 
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Figure 29: The leading pole behaviour of the 2 - 3 gluon process ae two gluons 

become collinear. s41 is the propagator denominator for a gluon of momentum 

k = k, + kc and the squared vertex ftutor is exactly the Altarelli-Parisi splitting 

function for the gluon. 
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The error made in this approximation varies with the values of the invariants (i.e. 

j, i, 2 etc.) but is generally less that a factor of two”. 

It is an easy exercise to show that if one starts with the gg -+ ggg amplitude 

squared and then lets one of the momenta of the final gluons approach zero, that the 

result is again proportional to the gg -+ gg. The remaining factor is just the infrared 

correction to the gg * gg process and is again given by the gluon propagator in 

this limit times the appropriate splitting function. 

C. Heavy Quark Production - The Top Quark 

In addition to the jet structure of the strong interactions, there is another aspect of 

ha&on physics of great current interest- heavy quark production and, in particular, 

top quark production. The top quark is the only miss’mg constituent of the three 

generations of the standard model. Heavy quarks can be produced in loweet order 

QCD perturbation theory through both the gg subprocesses and the qqsubprocesses 

shown in Figure 30. The differential crow section for the gg production mechanism 

is given by: 

$4 - Qa = ~(~(i-m’)(f-m’)+[(4~l~~~ 

-~m*(i+m*) +3 
3 (i-d)* 

(i - d)(t - d) + m*(ii - i)) 

s(i - 4) 

+(i - G)] - 
m*(j - 4d) 

3(i - mz)(Ci - d) 1 

where m is the heavy quark mass. The qF mechanism is less important since the 

quark -quark luminosities don’t dominate at subenergies which give reasonable event 

rat- (see Fig. 23) and because the color factors in the cross section are smaller 

than for gluon production. The ditferential crow section for qq production is given 

by: 

(2.32) 

Another mechanism for producing heavy quarks, one which is especially impor- 

tant at the SppS and the Tevatron, is decay of the weak vector bosons W” and 

2’. A full discussion of electroweak processes will be given in the next lecture. 
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Figure 30: Lowat order Feynman diagrams for the process (a) gg + Qg and (b) 

q?-*QQ 
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The relevant lowest order diagrams are shown in Figure 31; The charged W’s an 

produced by ua and dii initial states whereas the neutral boson Z is produced by 

uz and da initial states. 

For the top quark production at the SppS or even the Tevatron, only rer,i 

production of the weak bosons and subsequent decay to top quarks is significant. 

Away from the W or 2 pole the addition power of UEM makes the production 

rates negligible. To calculate the rate of top quark production associated with real 

weak boron production we must multiply the weak boson production rate by the 

branching ratio into a final state containing a top quark. The phase space factor 

for the final state containing a top quark, is given by 

2pw -= 
mw 

[l- ( m4;;b)2 1[l _ tmti;b)* ] (2.33) 

for the W* and 

for the Z”. 

The various contributions to the total cross section for heavy quark (top) pro- 

duction as a function of quark msss is shown in Figure 32 for fi = 630 GeV in pp 

collisions. The gluon production contribution drops rapidly as the top quark msss 

increases,’ while the W+ contribution is nearly flat up to the phase space factor 

above (Eq. 2.31) for top quark mssses low enough to be associated with the decays 

of real W’ and it dropa precipitously u the WC m~s is reached and only virtual 

WC production is possible. The 2 boson contribution is always small compared to 

the W contribution. Gluon production dominates for rot < 40 GeV; while at higher 

(observable) mt, W+ production dominates. 

‘0.: ‘A Higher Order QCD Process 

As a tIna1 example of multijet proceeses, it is instructive to consider the next order 

QCD contribution to heavy quark production. For example, a typical reaction 

would be gg -+ ggQ, which is suppressed by an additional factor of Q, relative to 

the lowest order process (41). For Q, = .I, we would naively expect the higher order 
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Figure 31: Lowest order Feynman diagrams for the production of (a) heavy quark 

pain via a real or virtual Z” intermediate state, and (b) a heavy quark and a light 
quark via a real or virtual W* intermediate state. 
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Figure 32: Cms sections for production oft or 5 quarks in pp collisions at fi = 630 

GeV as a function of the mass of the heavy quark. The gluon product& IV dera~ 

and 2 decay contributions are shown by solid, darhed, and dotted Iiu rapecti+y. 
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terms to be down by a factor of ten from the lowest order processes. Although 

this process has a different topology than the simple process gg - GQ, it will 

contribute to inclusive top production. This process CM be analyzed in the leading 

pole approximation u in the gg - ggg process discussed in Section 2.2. When the 

GQ invarirnt mass, a, although large, is assumed to be small compared with 

the total energy of the subprocess, 4; then, we obtain the following expression for 

the subprocess cross section: 

u(u + b - Q + -Q + c) = ~(4 + b + g + e) J ff& 
%.I (2.35) 

which is shown schematically in Figure 33. Here the eplitting function for a gluon 

into quark-antiquark is given by: 

P ,-&I = $2 + (1 - z)z] 

In moat of the relevant kinematic range, this approximation to the exact gg - ggQ 

process is good to within 20 percent. 

To see the relative contribution to heavy quark production one can simple calcu- 

late the ratio of this 2 + 3 cross section to that for the gg + GQ process. Roughly 

for production at 90’ in the CM frame one obtains: 

409 - 9QGl = 4gg - !wJ Sin(J) 
409 - QG) 4gg - 89) 3= 4m; 

(2.37) 

Estimating each the terms we find that, even though there is the $,,z .03 sup- 

pression, the gg -. gQg croes section is considerably larger than the lower order 

gg + Qg process because the basic gg - gg cross section is larger than the gg --* qp 

cross section by a factor of 104. Aside from a larger QCD color factor for two gluon 

final state, there some dynamic cancellations between terms for the quark-antiquark 

final state. The logarithmic term in Eq. 2.35 adds a factor of 2-4, leading to a total 

“. factor of 5-10 for the ratio of cross sections for production of heavy quark-antiquark 

1 .plirs energetic gluon to heavy quark-antiquark alone. The &st to point out this fact 

WBS 2. Kunszt, et.al.‘s. It is important to point out that this is not a breakdown 

of QCD perturbation theory at high energy. These are two physically distinct pro- 

cesses. This exercise does however illustrate that naive Q, power counting is not 
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Figure 33: The gg - g&j process in leading logarithmic approximation. As Q and 

g become collinear we can expras the procw in terms of the on shell gg + gg 

process times the A-P splitting function for g 4 GQ and a singular propagator 

l/qq * 
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. 
always sufficient to determine the relative Importance of various subprocesses in a 

given experimental situation. 

The relative strengths of these two contributions to inclusive production of 

charm and bottom quarks at the SppS collider has been analysed by Halzen and 

Hoyer”. The results are shown in Figure 34. Experimentally, these two process 

have very different topological structure and therefore can be differentiated. The 

2 - 2 contribution produces relatively large heavy quark pair mass, $o/j nesr 1, 

and the Q and g move in approximately opposite directions to each other; whereas, 

the 2 + 3 contribution tends to produce relatively small pair mass and both the 

Q and g will tend to move in roughly the same direction. In Fig. 34 a cut on the 

minimum pL of 7 GeV/c hes been imposed on the jet opposite the heavy quark to 

avoid a divergence in the 2 - 3 amplitude m the gluon momentum becomes soft. 

Moreover, folding in the experimental jet cuts will enhance the 2 -+ 2 contribution 

to the point that it dominates the observed events. 

E. Jets - Present and Future 

To summarize, jets have emerged at SgpS collider energies as clear and distinct tags 

of the underlying quarks and gluons. The predictions of QCD have been verified 

within the accuracy of present experimental data. Futhermore, the one to one 

association of jets with the underlying quarks and gluons will provide an important 

tool for studying QCD at all higher energy hadron colliders. 

Future tests of QCD in hadron-hadron colliders will depend on detailed analysis 

of rare events and on precision messurementa of basic jet physics. Jets will be used 

to identify the specific parent quark or gluon. But to do this methods are needed: 

l To diitinguish reliably light quark from gluon jets. We know that at the 

lowest pL’s giuon jets dominate and as the pL increases the fraction of quark 

jets also increase. This should be of some aid in finding the distinguishing 

characteristics of light quark vis-a-vis gluon jets. 

l To find a signature of heavy quark jets, t and b, which distinguishes them 

from ordinary quark jets. Heavy quark are produced copiously at very high 

energies (eg. at the SSC) and if the jets msociated with heavy quarks cou1.d 
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Figure 34: Rapidity distribution for heavy quark production(charm and bottom) 

by the 2 -+ 2 (dashed line) and 2 - 3 (solid line) processes. (From Ref. 47) 
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be tagged many properties of the quarks could be studied. Also heavy quark 

jets are important signatures of many of the new physics possibilities to be 

discussed in the last three lectured. 

Both of these problems =e presently being vigorously investigated by both theorists 
and cxperimentalists”~‘O. 
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III. ELECTROWEAK PHYSICS 

The electrowe& interactions, which provide the remaining gauge structure in 

the standard model, is the topic of this lecture. Since both leptons and qua& 

participate in these interactions, the electroweak force is probed both in lepton and 

in ha&on colliders. 

The Lagrangian for the electroweak interactions has the gauge structure LTU(~)~@ 

tr(l)r with massless gauge bosons W*, W3 and B respectively. The charged SU(2)L 

bosons acquire mass from symmetry breakdown ss well m one combination of the 

neutral W and B bosons, the Z” boson, while the other neutral boson, the photon, 

remains masslees. The fermions are grouped into three generations (k), each gen- 

eration having the same SU(2)‘ and U(l)u classi5cation. For the 5rst generation 

the representations for the quarks and leptons are 

Sq4L ‘U)r 

YL YR; YRd 

The full Lagrangian for the Weinberg-Sabun standard model is given by: 

L = ,p&&y(a* - ig;(+w, - i$qqYL5. 
- . 

--+ *” F)y,&)fk] - t ~(a,~. - an, + 9bbew+wye)2 a 
-;w. - &B,)’ + (fJ,4+(ov) - [-PQ+d + x(4+4)‘] 

In addition to the gauge bosoms and their self interactions and the fermions with 

minimal couplings to the gauge Eel&, there are elementary scalar fields, sometimes 

called Higgs Eelds for the role they play in electroweak symmetry breaking. Here 
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the Higgs particles are a complex doublet under SU(Z)‘ with Qr = 1, so their 

gauge interactions are through the covsriant derivative: 

De = a,, - ig:W,,. - ig’% 

. and their self interactions (the Higgs potential) src responsible for the electroweak 

symmetry breakdown. Finally, the Yukawa couplings of the Higgs particles to the 

fermions are responsible for fermion mesa generation. 

A. Electroweak Symmetry Breaking 

-It is worthwhile examining in some detail the structure of the symmetry breakdown 

a_ mechanism. The Higgs scalars are written in terms of a complex doublet Eeld: 

The Higgs potential consists of a m=s term of the wrong sign with coefficient ~2, 

and a quartic term of strength X > 0: 

v = -2(4+4) + x(b+# 
This potential is shown in Figure 35. 

The symmetry of the Higgs potential is SU(2)‘ @ SU(2)R @ U(l), a larger 

symmetry than the gauged SU(~)L @ L’(l)r’ symmetry. To exposed this additional 
symmetry the Higgs potential CM be rewritten in terms of 

4 5 i(ro& + ir,qP) (3.5) 

where r. are the Pauli matrices and rs is the 2x2 unit matrix. In terms of ‘p, the 

scalar self interactions are given by: 

f 3 = qa,4+ay - X(Tr(4+4) - $2 + $ . (34 

Now there is a manifest symmetry of this part of the Lagrangian under the trans- 

formations: 

4 - U‘@Ui where 
U‘ = ,-ihva 

uR = ,-iA;r. (3.7) 

.* 
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Figure 35: Higgs potential for a complex scalar field, d . 

This symmetry is not valid for the full Lagrangian since: 

‘e The Yukawacoupliigs distinguish members of the Su(2)R doublets. That is, 

I’,, # I’d in Eq. 3.1. 

. The electrowerk gauge interactions of the scalar BeIda also break the SU(2)a 

global symmetry of the Higgs potential. 

Nonetheless, this extra invariance will be important to ow discussions in lectwee CL 

and 5. 

Now miniiing the Higgs potential in terms of G gives 

< 4 >= (v/fi)ro where v = (3.3) 

Shifting the Higgs Eelds by this vacuum expectation value 

(3.9) 
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replaced Tr(@t@) by 

Tr(&5) + +it + 6). rol + d (3.10) 

The new expressions (Eqs. 3.9 and 3.10) sxc invariant under the vector subgroup 

of trmsformations un = UL so there is a residual SU(2)v @ U(l)v symmetry. 

Rewriting the scalar potential in terms of a physical Higgs scalar H = !~~(~,(a + 

&t)) and 3: 

V = -$ + ;m;H’ + v’%m~Tr(6f6)H + X[Tr(&)jz (3.11) 

where the Higgs scalar maea is m& = 2~’ and the remaining three scalar 5elds are 

masslus Goldstone bosons, 4” = ;j;(& F i&) and 43, corresponding to the three 

broken symmetries. These Goldstone bosons then provide mrvsses for the W* and 

Z” bosons by the usual Higgs mechanismso. 

The msss terms for the gauge bosons can be seen explicitly by considering 

the interactions between the scalar fields and the gauge fields. Since the SU(2),, @ 

Su(2)k symmetry of the scalar potential is not respected by these gauge interactions 

we will use the complex doublet notation of Eq. 3.3 for the scalar particles. The 

covariant coupling of the scalar particles to the electroweak gauge fields can be 

reexpressed in terms of the shifted scalar field 4 = #- < 4 >: 

(D,b$(D’d) = (D,&t(D’;) + gv/2 wr’w- + d/2 (9W.J - g’B’)’ 

IW(i+L + is’+2 + h.c.j 
One linear combination of the two neutral gauge bosons, the Z”, has acquired a 

mass while the other linear combination, the photon, remains msssless. The mass 

eigenstatas csn be seen directly in Eq. 3.12 are: 

zo = gw, - dB 

TT 
m2 = &F&Jh 

mA=O 

W* mw = gv/d2 

(3.13) 

(3.14) 

(3.15) 



-‘II- FER.MILAB-Pub-851178-T 

The Weinberg angle, 8, ia defined by: 

9 
‘2 

.rp s sin’ 8, = 
g’ + g” 

Furthermore, we can define a psrameter p, by: 

P 
4 

= micoszB, 

(3.16) 

(3.17) 

Because of the custodial SU(2)v symmetry of the Higgs sector after symmetry 

breaking 

P =1 (3.18) 

if quantum loop correctiona are ignored. 

Rewriting the interaction of the longitudinal degrees of freedom for the elec- 

troweak bosons in terms of mbls eigcnstates gives: 

[(O,v)(iq$FVr. + ig’$)PJ + kc.] - gv(W,,P$l + WQ$*& + Z,P#,) . (3.19) 

We see explicitly that the Goldstone bosoms, &,&, 43, mix with the W* and Z” to 

become the longitudinal degrees of freedom for the corresponding gauge bosom 

The charged weak currents have been described by the Fermi constant, CP, long 

before the W-S model was proposed. The W* mm may be expressed in terms of 

this constant by: 

m$ = g’v’/2 = #/(4fiG~) (3.20) 

so that the vacuum expectation value w is determined in terms of the Fermi constant 
as 

tr < ‘D >= &= (2fiGF)-4 = 246Gcv 

This sets the scale of the weak interactions. 

(3.21) 

B. The W* and 27’ Gauge Bosons 

The gauge structure of the Weinberg-Salam model hss been contimed experimen- 
tally by the observation of W and Z boaons at the SppS colliders’*s2. The Z” WM 

observed in its decays into high energy e+c- and g+p- pairs. These events have 
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essentially no backgrounds. Identifying the Z” is purely a matter of event rate. The 
W* decays are more numerous but their study is more complicated since only the 

chug& lepton is observed directly. The neutrino escapes the detector, hence its 

signature is large missing transverse energy Er in the event. There is no actual 

resonance peak at the W* msss, although there is a Jacobian (phase space) peti in 

the charged lepton spectrum at a somewhat lower energy”. The measured masses 

are: 

my (Gev) mt (GeV) 
83.5 ; ;‘; 22.7 93.0 kl.4 z!z 3.0 

81.2 il.1 * 1.3 92.5 f1.3 i 1.5 

The first error quoted is the statisticai error and the second is the systematic 

error. The width of the Z” measured by UA2” is 

r,,,(zO) = 2.19 T 0”‘: i 0.22GeV 

The theoretical values” for the msssa and other properties of the W* and Z” 

are collected in Table 2. 

The value of 2, of .217 f .014 determined from other experiment$’ is used in 

this comparison. The theoretical calculations include one-loop corrections to the 

masses and widths. The calculations of their widths which lusume a top quark rnms 

of 40GeV. Theory and experiment agree within the present accuracy. 

The background of ordinary two jet events with invariant pair mass equal to the 

W mass (within the experimental mass resolution) is of the same order of magnitude 

as the signal of hadronic W decays. Experimentalist are seeking addition cuts on 

such events which would establish a clear signal for hadronic decays of the W and 

Z, but as yet none have been identified. Experimental determination of the total 

cross sections for W* and Z” production times the leptonic branching ratio for pp 

collisions give: 
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Table 2: Selected properties of the W* and Z” electroweak gauge bosons. Here 

sin28, E z- is assumed to be .217 zt .014. Primes on down quarks denote eI=. 

trbweak eigenstates. The factor f. = 1 + a,/r incIudes the leading order QCD 

correction for decays. 

Process 

Mass (GeV/cl) 

Branching Fractions 
Leptons 

(I+ = e+,p+, or r+) 

Light Quarks 

W* 

83.0 f 2.8 

(I+u ) =: 1 

au 

( 1 8, 
= 31, 

20 

93.8 k 2.3 

(uu) = 2 

(a)= 1 + (1 - 42,)Z 

liu 

( 1 zc 
= 3f,(lf (1 - Q&)‘) 

ad 

(i;t) = 31, (1 - M%)’ 
ii 

3s = 3/,(1 + (1 - 32w)z) 

i;b 

Top Quarks 

(mass = m,) (1+&r) 

(It)= 3r,Jcig 

11 + 2rn:/wz + (1 - 

$$I(1 - +.y] 

Total Width (GeV) 
( mt = 4OGcV/4 2.8 2.9 
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o’ BR(e*e-)(in picobarns) 1 

! fi (GeV) Experiment w++w- I ZO 

I 
546 UAl Ref. 51 55Ok 80 ok90 42 r :iz6 

UA2 Ref. 52 5OOztQOiSO ’ 11Oi: 39 rt9 

630 UAl Ref. 51 630~50fQO ’ 79 ~~~?I1 

UA2 Ref. 52 530 3~ 60 k 50 52 k 19 3~ 4 

The experimental errors (statistical plus systematic) are sufficiently large that the 

growth of the cross sections with energy is not apparent. The theoretical predictions 

for the total cross sections at 630GeV, based on the analysis of Altarelli et. al.ss~ss 

are: 

4FP - W+ or W-) = 5.3 T i.i 

“(FP - z”) = 1.6 
+ 0.5 
- 0.3 

(3.23) 

There are a number of sources for the theoretical uncertainties given above. The 

lower theoretical error takes into account the uncertainty in the determination of 

the parton distribution functions and the QCD A parameter. Altarelli et al.ss,5s 

considered a variety of different parsmetrizations for the parton distributions. The 

upper theoretical error also includes the uncertainty in what value to choose for the 

momentum scale which determines the scale violations in the distribution functions. 

This scale is determined in higher order in QCD perturbation theory, but these 

calculations have not yet been done. Ambiguity in this scale factor leads to an 

uncertainty in the total cross section. However, since the cross sections are being 

evaluated at high Q’, a factor of two change in this momentum scale only results 

in small corrections to the cross section. The usual estimates are obtained by using 

the intermediate boeon mass to set this momentum scale. The upper error uses the 

transverse momentum of the 6nal lepton to set the momentum scale, 

The ratio of the cross sections should be less sensitive to these theoretical am- 

biguities, and in fact theory and experiment are in good agreement for the ratio of 

W to Z total cross sections. 

The relative branching ratios for various decays of the W* and Z” sre also shown 

in Table 2 normalized to We - 1 + Y = 1. Now using the theoretical branching ’ 
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Table 3: Total cross sections for production of single electroweak gauge bosons. AR 

cross sections are in nanobarns. 

Collider fi Gauge Boson 

(TeV/.?) WC W- Z” 

iv .63 3.4 3.4 1.2 

?P 1.8 10.2 10.2 3.9 

PP 2.0 11.2 11.2 4.9 

PP 10 41 28 22 

PP 20 13 54 41 

PP 40 122 95 72 

ratio (assuming m, = 40 CeV/cz) one predicts for the cross section, o, times leptonie 

branching ratio, B, at fi = 630 GeV: 

o.B(W++W-) = 460 'Iyoopb 

ry.~(zO) = 51 ; ;‘pb 

The theoretical and experimental cross sections agree within the rather large errors 

although they do not coincide. 

Table 3 shows the theoretical predictions for the totai cross sections for single W* 

and 2’ production at present and future hadron colliders. The structure functions 

of Set 2 (Eq. 1.24) are used for these cross sections. 

A cross section of 10 (nb) corresponds to an expectation of lo6 WC events/year 

for a luminosity of 1030cm-zsec-‘. Hadron colliders provide a copious source of W* 

and Z” bosons. With such statistics: 

l It is possible to study rare decays such M those expected in supersymme- 

try models (lecture 7), in extensions of the standard model with additional 

doublets of Higgs scalars, or in technicolor models (lecture 5). 
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l Precision (one loop) tests of the electroweak interactions will be possible. 

However most of these tests are better suited to c*e- colliders such a the 

SLC or LEPI, which provide a clean and copious source of 2’ bosons. 

. . 
. The total width of the 2’ is sensrtive to the number of generations, since 

there is a contribution of 186 .MeV to the width of the Z” for every neutrho 
type. Hence the measurement of the 2’ width to an accuracy of 100 MeV will 

determine the number of standard generations. 

At SSC energies and luminosities the ratw for production of W* and 20 bosons 

are even more impressive. However since much of the production will be at sizable 

rapidities the events will not be as clean u at SppS collider energies where the 

electroweak bosons are produced essentially at rest. Some ingenuity will be required 

to take advantage of these ratus’. 

~,: Next we will consider some of the details of W* production. For example the 

cross section for pp - W* +X is shown in Figure 36: This cross-section rises steeply 

near threshold because of both the threshold kinematics of the elementary process 

and the steep decrease in the the parton-parton luminosities u I approaches one. 

The production cross section in pp collisions (also shown in Fig. 36) is smaller than 

pp at the seme ,,G because of the lack of valence antiquarks in pp collisions. There 

are small differences between the W+ and W- production in pp collisions because 

the valence quarks contribute more to W+ than to W- production. 

The rapidity distribution of W+ production is relatively flat at SSC energies. 

The net helicity of W+ inclusive production in pp and pp interactions can be calcu- 

lated straightforwardly and ls shown as a function of the rapidity for fi = 40 TeV 

in Figure 37. To understand qualitatively the behaviour of these helicities consider 

the two production modes: 

l A W+ CM be produced from a t(~ quark from the Obeamn p or p carrying 

fraction zi of the beam momentum (de&led to be in the +z direction) and a 

& antiquark carrying fraction zr of the “target” proton. The resulting W+ 

will have momentum along the beam direction 

PII = (“‘,=*)fi (3.25) 
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Figure 36: Total cross section for the production of W+ and W- ( for h4w = 83 

GeVJc’) versus center of mass energy. The solid lime is for pp collisions and the 

dashed line is for pp collisions. Adapted from Ref. 56 
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Figure 37: The net helicity of the W+ u a function of the rapidity y. The W+ 

,production is shown both for pp (a) and for pp (b) collisions st I/% = 40 TeV. 

Parton diitributioru of Set 2. (From EHLQ) 
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Md spin J, = -1, since the UL has spin J, = -l/2 and the 2~ also has spin 

J, = -l/2. Hence the helicity of the resulting W+ is opposite to the sign of 

the longitudinal momentum PII. 

. A WC can also be produced from a 2s antiquark from the beam p or p carrying 

fraction 11 of the beam momentum and a UI. quark carrying fraction zr of 

the target proton. Lu this case, the resulting W+ will now have spin J, = +L, 

since the as has spin J, = l/2 and the UL also has spin J, = l/2. Bence 

the helicity of the resulting W+ is the same as the sign of the longitudinal 

momentum p11. 

The net helicity of the W+ results from the sum of these two production pro- 

cesses. For pp collisions the quark distributions are of course identical for the 

-beam” and ‘target” particles. The contribution to W+ production of the 6rst 

process above for WC rapidity y equals the contribution of the second process for 

rapidity -y. Thus the net helicity h,(y) is symmetric about ti = zs, (i.e. y = 0); 

thus h,(-y) = h,(y). For zi > zr, the valence quarks dominates 90 that for y > 0 

the helicity is negative. For pp collisions the second process dominates since there 

both the quark and antiquark are valence quarks. Therefore the helicity is sntisym- 

metric h,(-y) = -h,(y); positive for y > 0; and is discontinuous at y = 0 since 

the net helicity does not vanish there. 

The net helicity of the produced WC is a result of the W+‘s chiral coupling 

and leads to a measurable front-back asymmetry in the decay lepton spectrum. 

AMeasuring this helicity M a function of rapidity will distinguish chiral couplings 

(L,R) from nonchiral couplings (V,A) for the W or any new gauge boaon of the 

electroweak type (i.e. coupling to both leptons and quarks). 

C. Associated Production 

In addition to the production of W’s and Z’s in the lowest order of QCD perturbation 

theory, there are the next order processes in which the W or 2 are produced in 

association with a quark or a gluon jet. These processes are shown in Figure 38. 

Since the transverse momenta of the incoming partons is negligible at high en- 

ergy, the gauge boaons produced by the lowest order subprocess have small trans- 
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Figure &: Lowest-order Feynnmn diagrams for the reactions g + q -+ W + q and 

q+q-+w+g. 
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verse momentumwhereas in associated production the gauge bosons may have large 

transverse momentum. One consequence of this associated production is the pro- 

duction of monojet events; which occur when the associated gluon or quark produces 

a jet with transverse momentum and the 2 decays into an undetected UL pair. A 

few such events have been seen at Uhl’s. 

Calculations of the transverse momentum distribution of W’s and Z’s has been 

carried out by Altarelli et al. ss~* for J3 = 630 GeV. In these calculations the leading 

log terms terms have been summed to all orders of perturbation theory. Their result 

is shown in Figure 39 for y = 0, i.e. at 99’. For example, at 630 GeV 1% of all 

W’s associatively produced have transverse momentum greater than 45 GeV. At 

higher energies the reeummation becomes less important at least at high pr. The 

lowest ordv associated production of W’s is shown in Figure 40. To get a feeling 

for event rates remember that a cross section of 10-s (nb/GeV) corresponds to 190 

events/yr/GeV for a luminosity of 10s3cm-‘see-‘. Therefore, very high transvene 

momentum W’s are produced at SSC energies. 

D. Electroweak Pair Production 

The present experimental data show that the gauge bosons of the e1ectrowee.k in- 

teractions exist and have approximately the properties required of them in the 

Weinberg-Salam model. However, the crucial property of the electroweak gauge 

theory, the non-Abelian self-couplings of the W’s, Z’s, and y’s has not yet been 

tested. These coupliigs can be tested in hadron colliders by electroweak boson pair 

production processes. 

An elementary calculation will illustrate the importance of the non-Abelian 

gauge boson couplings. The tree approximation to W+W- production from the 

g’u initial state is given by the three Feynman diagrams shown in Figure 41. In an 

Abeiian theory only the t-channel graph would exist. The kinematic variables are 

given in Figure 41 along with the appropriate polarization tensors (c*). Evaluating 

the t-channel graph gives: 

Ml = -i$hL$4( Q +%(P,) (3.26) 



-as- FERMILAB-Pub-85/178-T 

0.10 I I 
I 

. 

-\ 
0.02 

0 b 0 (2 n 20 2b 28 12 36 LO 

Figure 39: Comparison of the resummed ucpression for du/dp,dyl,,s (solid line) 

with the 6rst order perturbative axpresrion (dashed line) at fi = 630 GeV. (From 

Ref. 56) 
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Figure 40: Differential cross section &/dpLdyl,,o for the production of a W+ M a 
function of the W+ transverse momentum pL at fi = 2, 10, 20, 40, 70, and 100 

TeV (from bottom to top ewe). Parton diitributione of Set 2 were used. (From 

EHLQ) 
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Figure 41: Lowest-order Feynman diagrams for the reaction u + G -( W+ + W-. 

A direct channel Higgs boson diagram vanishes because the quarks are idealized a~ 

XJlMSleS% 
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where Q = pr - k, and in the CM frame the momenta can be chosen: 

PI = (P,O,O,P) 

P1 = (P,O,O, -P) 

k+ = (P,Ksine,O,Kcose) 

k, = (P,-KsinB,O,-Kcos8) (3.27) 

with P* - Kz = m& and quark masses ignored. The polarization tensors are 

ci = (k* . Z*/mv, & +~~((k;~~*)/Imw(P+ mw)l) (3.28) 

in terms of the polarization states in the W* rest frame: 

;*=(o,i*). (3.29) 

At high energies (K --L 00) the longitudinal polarizations dominate and simplify 

to: 

ci - kk:lmw (3.30) 

.Uow inserting the above formulas into the expression for MI in Eq. 3.26 and using 

the equation of motions for the W* fields give 

. 2 

Ml = $U(Pz) 
W 

yj+%(Pd 

= iG~2d%(P&q~).(,,) (3.31) 

for the amplitude. If this were the only contribution, then the invariant matrix 

element squared for this production process would be 

IN2 = 2Gis(u - 4ft&) sin’8 (3.32) 

so that the total cross-section would be 

Gz,s 
o(W’W’) y-y- (3.33) 

which grows linearly with s and violates unitarity at high energies (see lecture 4). Of 

course, including the gauge self interactions in the remaining Feynman diagrams of 
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Fig. 41 restore u&arity. In the present case both the photon and 2” contributions 

must be included to recover unitarity. 

we will explicitly show the cancellation between the t-channel and the s-channel 

exchange diagrams for left-handed initial quarks. The contributions for right- 

handed initial quarks must satisfy unitarity including only the s-channel photon and 

20 exchanges, since the t-channel graph only exists for left-handed initial quarks 

This behaviour for right-handed initial quarks can also be easily checked. 

The three gauge boson vertices are: 

m(k- - h). + ia.& - k+h 

and the quark-antiquark-gauge boson vertices are: 

‘x 
-W,iA 

-i&*1&( Y 
+, + +2)] 

(3.34) 

(3.35) 

(3.36) 

where 

L, = 73 - 2Q,sin’B, 

Ez, = -2Q,sin2t9, 

(3.37) 

(3.38) 



and 
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9’ .a 
(JiC,m’z)!=-&=-=- 

Y 2sinB, 2cosd, 

The amplitude for the two s-channel graphs for the initial state of a left handed 

up quark-antiquark is 

~~ = i~~(p2)l~(~~,~p,~~~Q~~~~*~w + 1,-s2~q;;2ew 
w ’ 

[c+ c-(k, - k-)’ f k- . c,c: - k, , E-C=] (3.40) 

As s + m the amplitude simplifies as for M2 and in addition one has the relation 

k, . kl = k- . ka = s/2 so that for large s the amplitude becomes: 

M2 - &$-(P’)(k+- P-1( q9U(P,) 

(3.41) 

where again the equation of motion has been used. To leading order in s the sum 

of MI and Mz (Eqs. 3.31 and 3.41) cancer so that the elementary cross section goes 

SZ: 

4 ~cowtant/s 

as s + co. Hence unitarity is explicitly maintained. 

(3.42) 

The cross section for pp -+ WVV- pair production is shown in Figure 42. The 

slow rise with collision energy of the total cross section is the result of the combined 

effects of the l/i behaviour of the elementary cross section and growth (at 6xed i) 

of the qq luminosities with s. The top curve gives the total production cross section 

without any rapidity cuts. However Large rapidities are associated with production 

of W’s near the beam direction (see Fig. 20) where measurements are very difficult; 

hence more realistic rates are obtained when rapidity cuts are included. 

Similar gauge cancellations occur in the W*7 and W*Za total cross sections. 

The Z”Zo and Z”7 cross sections are uninteresting in the present context, since the 

only graphs which appear are present in the Abelian theory and therefore the non- 

Abelian gauge couplings are not probed. The rates of electroweak pair production 

are shown in Table 4. These processes are large enough to be interesting only at 
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Figure 42: Yield of W+W- pairs in pp colliiions, according to the parton distribu- 

tions of Set 2. Both W’s must satisfy the rapidity cuts indicated. (From EHLQ) 
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Table 4: Total cross sections for pair production of electroweak gauge bosons. xo 

rapidity cuts were imposed. The invariant atus of the cV*y ( or Z’y ) pair was 

required to be more than 200 GeV/cz All cross sections are in picobarm . 

Collider Js Process 

(TeV/c2) iv+W- W*Z” Z”Zo W+y Z”y 

FP .83 .037 .006 .003 ml 603 

?P 1.8 2.4 .69 .28 .18 .41 

PP 2.0 3.1 .90 .37 .21 .55 

PP 10 45 16.5 0.5 3.6 10 

PP 20 102 38 15.3 8.2 23 

PP 40 214 73 33 18 50 

supercollider energies. For an integrated luminosity of 10”’ cm-’ at ,/Y = 40 TeV 

there are FJ 2 x 10’ W+W- pairs produced. 

Some other tests of the non-Abeiian gauge couplings are the following: 

l If the W* were just a massive spin one boson, then the W kinetic interaction 

- +,w: - a,w;)(a,w; - a,w;) (3.43) 

would generate the minimal QED coupling with the photon given by 

(D,““W; - DvEMW,‘)(D -W”- DuEMWrr-) = -+‘&F-YY)EMpur (3.44) 

Therefore the non-Abeiian term 

- icFe~Wf’W-’ (3.45) 

of the W-S model is a nonminimai coupling from the point of view of QED 

- a Pauli term which generates an anomalous magnetic moment for the W. 

However, without this additional term the high energy behaviour of the W*y 

production cross section will violate unitarity at sufficiently high energyso. 
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l The lowest order production cross-section for W*T has a zero in the Born 

amplitude at 
i = 20 (3.46) 

or equivalently at CM angle 

1 
COsecM = --; (3.47) 

due to specific form of the non-Abelian couplingsea. There is a dip in the 

elementary cross section which is still visible when the parton distributions 

have been folded in to give the hadron-hadron production cross section. (See 

EHLQ Fig. 137) 

E. Minimal Extensions 

The simplest and most natural generalization of’the standard model is the possibility 

of a fourth generation of fermione. This possibility requires no modification of our 

basic ideas; in fact, we have no explanation why there are three generations in the 

first place. So it is natural to consider new quarks and/or leptons within the context 

of our discussion of the standard model. 

In general, consistency of the SU(2)r. 8 U(l)r gauge interactions requires that 

any additional quarks and leptons satisfy the anomaly cancellation conditionss’: 

y4:w =o (3.48) 

and 

y&u, =o (3.49) 

where Qu(/) is the weak hyperchatge of the new fermion f. Hence a new quark 

doublet with standard weak charge usignments would require new leptons as well 

to avoid gauge anomalies. Of course a fourth generation satisfies these conditions 

in exactly the same way ss each of the three ordinary generations. 
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1. New Fermione 

The production of new heavy quarks in hadron colliders occurs via the same mech- 

anisms ks already discussed for top quark production (Section 2.3): gluonic pr+ 

duction and production via the decays of real (or virtual) W* and 2’ bosons. For 

new quark maasea above z mw the main mechanism is gluonic production. Figure 

43 shows the cross section for heavy quark production a a function of mo for pp 

collisions at SppS and Tevatron energies. The corresponding cross sections at SSC 

energies are given in EHLQ (p. 848) 

New sequential leptons will be pair produced via real and virtual electroweak 

gauge boaona in the generalized Drell-Yen mechaniamaz. For the SppS and Tevatron 

collider energies, only decays of real W* and Z” can be significant. Hence the 

discovery limit for a new charged lepton, L*, is x 45 GeV in Z” decays: while if 

the associated neutral lepton, No, is massless (neutrino-like), the discovery lit for 

the L* is extended to e 15 GeV in W* decays. 

At Supercollider energiea, higher mama charged leptons can be produced through 

virtual electroweak gauge bosons. The pair production of charged heavy leptons 

proceeds via virtual 7 and Z” statea. The cross section at various energies is shown 

in Figure 44 for pp collisions. 

Neutral lepton pairs, X”p, can be produced by virtual 2’ states however in 

the most conventional cese in which PI0 is effectively stable these events are undo- 

tectabie. Also, heavy leptons can be be produced by the mechanism: 

pp -+ W&d * L’IV (3.50) 

If the neutral lepton is essentially msssless as in the moat conventional cases, then 

significantly higher charged iepton masses are accessible at a given luminosity and 

Js. The cross section for this process at Supercollider energies is shown in Figure 

45. The principal decays of very heavy fermione will involve the emission of a real 

W. If, for example, Q, > Q4 then QU will decay into a real WC and a light charge 

-l/3 quark or Qd (if kinematically allowed). Qd will decay into a W- and a charge 

2/3 quark. While for a new lepton, L*, the decay will give a real W* and its neutral 

partner, No. These signals should be relatively easy to identify experimentally, so it 

is likely that 100 produced events will be enough to discover a new quark or lepton. 
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Figure 43: The total cross section for heavy quark pair production via gluon fusion 

as a function of heavy quark mass, rnQ, for pp collisions at fi = 630 GeV (solid line), 

1.8 TeV (dashed line), and 2.0 TeV (dot-dashed line). The parton distributions of 

Set 2 used. 
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Figure 44: Cross section &/d&o for the production of L+L- pairs in pp collisions 

by the generalized Drell-Yan mechanism. The contributions of both 7 and 2” 

intermediate states are included. The calculation is carried out using distribution 

Set 2. The energie? are fi = 2, 10, 20,40, 70, 100 TeV for the bottom to top curve. 

(From EHLQ) 
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Figure 45: Cross section do/dyj,,o for the production of L*N” pairs in pp collisions. 

The No is sssumed to be massless, and the parton distributions are those of Set 2. 

The energies are the same ss in Fig. 44. (From EHLQ) 
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Table 5: Expected discovery limits for new generation of quarks and leptons at 

present and planned hadron colliders. Basic discovery condition assumed here is 

100 produced events. A more detailed analysis of the discovery conditions and 

detection issues CM be found in EHLQ. 

Msss limit (Gev/cz) 

Collider .,6 JdtL New Quark Xew Lepton 

(TeV) (cm)-* Q L* or Lo L* 

m(L*) = m(LO) m(LO) = 0 

SFPS jiP .63 3 x lo36 65 40 60 

upgrade 3 x 103’ 00 45 70 

TEVI pp 1.8 103r 135 48 75 

upgrade 2 1o3s 220 5.5 05 

ssc pp 40 10” 1,250 130 280 

1039 1,000 300 810 

1O’O 2,700 620 1,250 

The diicovery limits using this criterion is given in Table 5 for both present and 

future colliders. 

There are interesting constraints on the mssses of new fermions which arise 

from the requirement that partial wave unitarity be respected perturbatively in the 

standard model. I will leave the discussion of these limits until the next lecture. 

2. New Electroweak Bosonr 

A number of proposals have been advanced for enlarging the electroweak gauge 

group beyond the SU(2)r. @ U(l)r of the standard model. One class contains the 

“left-right symmetric” modeiss3based on gau&e groups containing 

'97(2)L @su(z)R@ u(l)Y (3.51) 
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which restores parity invariance at high energies. Other models, notably the eiec- 

troweak sector derived from SO(10) or EI unified theories, exhibit additional ~(1) 

invariances”. These will contain an extra neutral gauge boson. All these models 
have new gauge coupling constants which are of the order of the SU(2)‘ coupling 

of the standard model. This implies that the mass of any new gauge boson be at 

least a few hundred GeV/c’ to be consistent with existing limits from deep inelastic 

leptoproduction experiments. 

Assuming a new charged gauge boson, W’, with the same coupling strengths as 

the ordinary W, we obtain the cross section for production in pp collisions cross 

section shown in Figure 46 for present collider energies, and in EHLQ (~648) for 

supercollider energies. 

For a new neutral gauge boson, Z’, with the ssme coupling strengths as the 

ordinary 2 we obtain the production cross sections shown in Figure 47 for present 

collider energies, snd in EHLQ (~640) for supercollider energies. 

Requiring 300 produced events for discovery, the mass limits for discovering a 

new W’ or 2’ in present and future hadron colliders is given in Table 6. 

It is interesting to notice that at SSC energies the ratio of production for W’+ to 

WI- becomes significantly greater than one for very heavy W’*‘s. This is because for 

large r = M&,/s the production rate is sensitive to the valence quark distributions 

in the proton. In fact, at the discovery limit, the ratio even exceeds the naive ratio 

of U./d. = 2 of the proton - This is precisely the way the actual valence distribution 

functions behave at large x. (Compare Eq. 1.22). 
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Figure 46: Total cross section, o (nb), for production of a new charged gauge boson, 

W’* in pp collisions at fi = 630 GeV (lower solid line), 1.8 TeV (upper solid line), 

and 2.0 TeV (dashed line). The p&on-diitributions of Set 2 used. The same 

couplings as the standard W* essumed. 
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Figure 47: Total cross section, o (nb), for production of a new neutral gauge boson, 

Z”’ in pp collisions at 6 = 630 GeV (lower solid line), 1.8 TeV (upper solid line), 

end 2.0 TeV (dashed line). The psrton distributions of Set 2 used. The same 

couplings M the standard Z” assumed. 
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Table 6: Expected discovery limits for new intermediate gauge bosons W’* and ZQ 

at present and planned hsdron colliders. For a 2’ 300 produced events are required; 

while for W’+ + W’- a total of 600 produced events are required. Standard model 

couplings rue assumed. For pp collisions the ratio of W’+ to W’- production R(+/-) 

need not be one. This ratio R for W’* msss at the discovery limit is also shown. 

Mass limit (Gev/c’) 

Collider Js JdtL Intermediate Boson 

(TeV) (cm)-’ W” R(+/-) 2’0 

SYPS ?P 63 3 x 103‘ 155 1 160 

upgrade 3 x 103’ 225 1 230 

TEVI pp 1.8 103’ 370 1 375 

upgrade 2 lo’* 560 1 610 

ssc pp 40 1030 2,700 2.0 2,400 

103s 4,600 2.4 4,200 

10’0 6,900 2.0 6,700 
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IV. THE SCALAR SECTOR 

A. The Higgs Scalar 

1. Lower Bound on the Higgr Mamr 

A lower bound of the Riggs m=s (mu) arises from requiring that the sy-+ 

try breaking minimum of the potential V(b) be stable with respect to quantum 

corrections”. If mn is too small there could be tunneling to a symmetry preserving 

vacuum. 

To illustrate this, we do a simple one loop calculation using the standard sym- 

metry breaking potential for a Higgs doublets’: 

w+4 = -p;&+r$ + Ixl(,$t#)r . 

It is sufficient to consider an external Scala; field with its only non-zero compc+ 

nent along the direction of symmetry breaking. This amounts to taking only the 

real neutral component so that < #:4 >= < 4 >* . This field couples to those 

particles that acquire maSs bs a result of the symmetry breaking: W* and Z”, and 

the fermions I&. 

< 4’4 > [“11&-w-’ + (” : g’*b,o~oM] + t ~[r.;;;&~ f r,,i$d<(Ld,j (4.2) 
I=, 

Because the Yukawa couplings are small we shall ignore the fermions and only 

consider the contribution to the effective potential from vector particle loops, with 

13 insertions: 

(y-J + 0 + ($3 +-•- 
The form of the integral for these processes is: 

./ 
d4k k’ 

- ’ (2n)’ k’ - g*< Q, >2/4 
(4.3) 



-I$- FER.MILAB-Pub-85/178-T 

which may be regulated to, give : 

‘ 
A0 + Al < 4 >a +& 

< 4 >2 
< 4 >’ In( -) 

A2 

That is, a sum of a quartically, quadratically and logarithmically divergent term. 

When the effective potential is renormalized we can ignore A0 , and absorb or 

into the scalar mass renormalization. The term Ar is absorbed into the scalar co+ 

piing renormalization, while the finite part appears with a renormalization scheme 

dependent scale parameter M in the resulting one-loop effective potential. 

V*1..,(< Q >*I = 
<fj+ >z 

-M’ c q5 >’ +C c 4 >’ In( M, ) 

This is the form of the general answer. A careful calculation taking into account 

fermions and scaks as well was performed by E. Cildner and S. Weinberg6’. They 

obtained 

c =~<~,1(3(2~~+~~)-4C*;+m’,) 
P 

(4.6) 

where < 4 >i= 1/(2fiC,) and the Yukawa and gauge couplings are reexpressed 

in terms of particle masses. 

In models with a non minimal Higgs sector, mj, would be replaced with C rnk. 

Note that C > 0 as is required for overall stability at large values of < 4 >*. 

This potential has a local minimum at < 4 >*=< d >i where $&I<,,8 = 0 

SO 
c f$ >; (111(‘.g”, + ;) = $ (4.7) 

Because in general there is another local minimum at < 4 >*= 0, we must check 

that V(< 4 >i) < V(0) to insure that < b >*=< -$ >i is M absolute minimum. 

This requires 

In( M2 ) > -1. (4.8) 

This condition that the symmetry breaking minimum is more stable that the sym- 

metry preserving one can be expressed (w a limit on mu by using the definition 

m& = $/<,,o . This implia 

m$>2C<#>iz 
3Gcfi 

16t~ (2M’w + Ad;) = 7.1GcV/c2 . 
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In the context of the minimal Higgs model, this represents a strict lower bound 

for mR consistent with symmetry breaking. A slightly simpler calculation6* can be 

done for the cue p = 0, leading to m.q > lOGeV/c’, however the lrssumption that 
g = 0 has no theoretical justification. 

2. Unitarlty Bound8 

The simplest upper bound on rn~ arises from the requirement of preturbative uni- 

tarity. That is, on the assumption that the couplings are sufficiently weak to make 

perturbation theory valid, we require that all processes obey the constraint of unitar- 

ity order by order in perturbation theory. Of course, it is possible that perturbation 

theory is not valid , in that case there is likely to be new physics associated with the 

interactions becoming strong. We postpone that discussion until the next lecture. 

Unitarity in general requires: 

S’S = (1 + iT’)(l - iT) = 1 (4.10) 

or 
i(T - T’) = -ImT = T’T (4.11) 

To set up the unitarity argument in its simplest form we only consider two 

particle quesi-elastic scattering for equal mesa scalar particles (i.e. internai quantum 

numbers but not masses can change from the initiai to final state). The scattering 

process in the center of mads frame is shown in Fig. 48 In this simple case, the T 

matrix is: 

Tfi = (Z*)‘b’(pl + p3 - p, - pd)-- l ‘M,i(a,t) 
(2n)B 3 

(4.12) 

where s = (PI + ps)’ = (pt + pd)* and t = (~1 - pz)* and the scattering angle in the 
CM Frame, 8, is given by 

t = - ta - 4mZ) (1 _ cos 0) 
2 

The invariant amplitude can be expanded into partial waves: 

M = 16x 5(2J + l)Ar(a)PJ(cos 8) 
a=0 

(4.13) 

(4.14) 
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pa 5= (PI+ P,F 

t = (p,- Paf 

u = tP,-Pq)a 

Figure 48: Kinematics of the 2 - 2 scattering amplitude for equal mass scalar 

particles. 

For J below the inelastic threshold, so that there are only two particle inter- 

mediate states, the unitarity condition may be written entirely in terms oE the two 

particle amplitude M as: 

- ImM(s,corBfi) = & 
\1J-:m2 / 

dn&t’(J,cos B,&qJ. cos B&ii) (4.15) 

where the momentum integration has been done to obtain the phase space factor 

V’(J - 4m’)/s. 

Now, using the partial wave expansion for M and performing the angular inte- 

gration we Rnd that each partial wave astir&s: 

(4.16) 

The Born contribution (first order) corresponds to A(:) = cJtgz. The criterion 

for validity of perturbation theory is that successive terms in the expansion are 

smaller, i.e. Ictgtj > )erg’l > . . . etc.. Thus we will consider only the lowest order 

terms in the following. 

The J = 0, J-wave scattering condition is 

- Im-4 1 lAoI 

SO 

- Im(qg’ + c2g’ + . . .) 1 Iclg2 + c2g4 + . . . I2 . 

(4.17) 

(4.18’) 
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It b a property of the Born amplitude that at high energy (J + co) it is essen- 

tially real. Thus the imaginary term of CI can be dropped to obtain: 

/clg21 B -Im(c2g’) 2 bagal . (4.19) 

Thus the perturbative unitarity constraint on the Born amplitude iss* 

1 > (clg’l = (A;')1 . (4.20) 

We proceed to apply this constraint to the scalar sector of the standard (W-S) 

electroweak theory. 

3. Upper Bound on the Higgs Mars’O 

Now we apply the general unitarity arguments specifically to the W-S Model. We 

start by showing that at high energy we need only consider an effective scalar theory, 

so that the simple bound (Eq. 4.20) just derived can be applied even in this more 

complicated theory”. 

As discussed in Section 3, massive vector particle (V,) scattering has potentially 

bad behaviour at high energy. This is apparent from the form of the polarization 

sum: 

- ; [‘(k, X)C”(k, A) = 0”” - k’k”/M,? . (4.21) 

The dominant term here ia the k@k’/M$ piece which comes from the longitudinal 

polarization (XL) 

W,.W = ~(l~l,k$l (4.22) 

and has the potential to violate the unitarity bounds. 

It has been shown that the only renormalizable theories with massive non- 

Abelian vector bosons are those in which the masses arise from a spontaneously 

broken gauge symmetry rz In such cases one can replace the longitudinal compo . 

nents of the vector fields by scalar fields and get an effective Lagrangian that is valid 

at high energy. The most appropriate gauge for showing this is the t’Hooft-Feynman 

gauge’3, 

a,vfi + Mvf$ = 0 (4.23) ’ 
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where 4 is the Coldstone Boson associated with giving m-s to the vector boson, 

In momentum space, the longitudinal component of the vector 5eld is 

CL(k) = <;V,,(k) = &(lm - k-J+“] ; 

which, using the gauge condition (Eq. 4.23), just becomes the scalar field in the 

high energy limit: 

%(k) MV 
-4+0(x) /orjCl*Mv. 

In discussing the high energy unitarity constraints we may therefore ignore the 

transverse degrees of freedom of the vector fields and only consider M effective 

Lagrangian describing scalars interacting with fermions. The scalars include both 

the Higgs (h) and the ‘eaten’ Goldstone Bosons (m+, w-, z) that describe the 

longitudinal degrees of freedom of the gauge bosons. The notation is 

I (4.26) 

with m& = b2, u2 = l/(fiG~), and X = Gpmi/Ji. 

The full effective Lagrangian is given by: 

& l II = (f3,w+)(Pw-) - mLw+w- + ~(3Nz)(Pz) - ~rn~.z’ 

-~uh(2w+w- + I2 + h2) - iX(ZWfC + z2 f h2j2 

+viyD,Ctd - m,iiu + &‘D,“d - &Id 

+u~@D,~u + w*D,fe - m,Ze 

+~dIi z(’ :“)d w+ +a(‘:ls)d lh kidI 

+r.ji V(’ ;“)e w+ + ,(I ;ys)c (h -$} + h.~.) (4.27) 
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using this Lagtangian, all Born amplitudes for neutral channels can be easily 

calculated. The results are summarized in Fig. 49. 

The limiting behaviour of these processes at high energy (3 > rn; > +,,, m;) 
is collected in matrix form 

M= -2v5Gpm; (4.28) 

As in the previous section we expand in partial waves and identify the s-wave 

Born term = 
Ai’) = ?!m E Gmk 

16n 
-to. 
rnfi 

(4.29) 

To obtain the best bound we diagonalize the matrix te (defined above). The 

largest eigenvalue is 3/2, for the combination of channels above which correspond 

to the isoscalar channel (2w+w- + .zz + hh). 

Substituting this into the perturbative unitarity condition IA!)] 5 1 we find an 

upper bound on mn: 

mR 5 = .90TeV/c’ . (4.30) 

We close this section with a comment on the nature a perturbative unitarity 

bound. If such a bound is violated then perturbative expansion must be invalid since 

the Lagrangian is unitary. That is, the interactions are strong and perturbation 

theory is therefore unreliable. An up to date analysis of the physics of a strongly 

interacting scalar sector has been given by Chanowitz and Gaillard”. 

Whether the 3cah.r sector of the W-S Model is, in fact, strongly interacting is 

presently unknown. Because the scalar sector is protected by an order of a.,,, from 

showing up in low energy electroweak measurements (e.g. in the p parameterrs) no 

experiment to date rules out the possibility of a strongly interacting Higgs sector. 

Only direct observation of the Higgs scalar or strong interactions at (or below) the 

TeV scale will settle this question experimentally. 
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Figure 49: Born amplitudes for neutral channels. 
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B. Constraints on Fermion Masses 

1. Perturbative Unitarity Boundr 

We can use the same W-S effective Lagrangian (Eq. 4.27) and perturbative unituity 

for the Yukawa couplings to put upper bounds on fermion masses. In general 

because’of spin the perturbative unitarity condition will be more Complicated than 

the one we derived (Eq. 4.20), futhermore the neutral fermion-antifermion channels 

(FF) will couple to the channels W+W-, zz, hh, and sh already discussed. 

The general case is discussed fully by M. Chanowitz, MI. Furman, and 

I. Hinchliffe”. However in the J = 0 partial wave things are simpler and if we 

further Msume that rnx is small relative to the fermion masses to be bounded we 

CM avoid having a coupled problem. In this case the helicity amplitudes in the CM 

Frame for the FF channels are defined by: 

5 * p’ 
mu 

,A) 
(P) = xu(A)(P) 

z&“‘“yp) = - xvyp) 

IfF= 
Fl 

( 1 Fl 
is a quark (or lepton) doublet then the relevant Born amplitudes we 

shown in Figure 50. 

For the amplitudes in Fig. 50 we can construct a matrix of the J = 0 partial 

wave amplitudes for the various channels just ss in the scalar c=e (Eq. 4.28). The 

only complication is that we must consider each helicity channel as well. The non 

zero helicity amplitudes are: 

I 
+ + * + + - - * - - + - 4 - + - + - + - 

(4.32) 

The unitarity condition is simply IMP)/ 5 1 M before. Applying this condition 

to the largest eigenvalue of 1Ml in the fermion case leads to the following upper 



J = 0 (uncoupled) 

= &Gpmi+&,,r 

[(I - AA’) - 26ij] 

FL \ \ 2; 
1 I 

I 1’ 
b 

I 
1 h,+ -M =: 

I’ , 
“il =+- 

-fiG,rnf6A-A~~-~ 

[l-XQ 
\ 1 

5, 
E 

\ F7 
I 

h 
I 
L ’ 1’ 

IW 
+ -M = 

s+oo 
-2J?G~{6~~6~,2 mlmz[(l + Xx’)1/2 

3, 
I 
I -1 
I , ‘x 

+6~-~~~-~[m~6~,,1 + m:6A,-ll 

T 

\ 
‘C [l - m21 

Figure 50: Born graphs for the FF amplitudes in the uncoupled limit (mH a mi). 

M ia the amplitude for the J = 0 partial wave in the high energy limit. 
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bounds for a quark doublet’s: 

GF ‘3( 
G’ 

mf + m:) + Q(mi - rn:)l + 8m:m# 5 1 

which for equal maxs quarks (m = ml = ms) becomes: 

ml(- 45~;)1i2 = 530GcV/e’ . 

For a lepton doublet, the bound is: 

+$I4 + m: + I+ - mill 5 1, 

and for the case ml = 0, ms = m the limit becomes: 

4& 
ml(- GF )I” = 1.2TcV/c’ 

(4.33) 

A slightly better bound for leptons of % lTeV/cz comes from considering the more 
complicated case of the J = 1 partial wave”‘. 

Although only one generation of quarks and/or leptons has been considered it is 

possible to interpret the bounds bs being on the sum over generations of masses with 

the other quantum numbers the same. Of course in practice this sum is dominated 

by the heaviest fermion in any case. 

It is interesting to compare these unitarity bounds on fermion mluses within 

the standard model with the discovery limits of the various hadron colliders present 

and planned. These limits are shown in Table 5. We see that the SSC will be able 

to discover any new fermion with rnms satisfying the bounds given above. 

2. Experimental Bounds 

In addition to the lower bounds on the masses of new quark or leptons arising 

from discovery limits summarized in Table 5 there is also the possibility of upper 

bounds on fermion masses arising from experimental measurements. This was first 

WBS realized by M. Veltman”. The basic point is that the Higgs sector of the W-S 

theory has an Sum @ Su(2)R symmetry (M we discussed in Section 3.2). This 
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symmetrp in ~p~mmeously. broken down to M Su(2)v, symmetry when the scalar 

field acquires a vacuum expectation value. It is the residual s(1(2)v symmetry that 

l?IlSUreS: 
‘U$ 

54; COSI 8, 
Zp=l. (4.37) 

The Yukawa couplings and electroweak gauge interactions break the SU(2)” 

symmetry explicitly. In particular, for r,, # I’d, the fermion one loop corrections to 
the W* and 20 masses will change the value of the p parameter. 

For a heavy fermion doublet the correction is’r 

+ m: + m;] (4.38) 

where f is 1 for leptons and 3 for quarks. For example, in the case of the leptons, 

with ml = 0, mr = m: 

P =I+ cpml . 
8vw 

(4.39) 

A compilation of the present data yields a measured value for p ‘a 

P = 1.02 * 0.02 

which leads to the bounds on new lepton and new quark masses: 

and 

mL 5 620&V/c’ 

I/’ < 350GeV/c2 _ 

(4.40) 

(4.41) 

(4.42) 

respectively. 

C. Finding the Higgs 

1. Higga Mass Below 2.& 

Finding a Higgs boaon with a low masa rnn < Mg is possible through real or slightly 

virtual Z” production by the mechanism shown in Figure 51 
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Figure 51: Associated Production Mechanism for a Low M=s Higgs Boson. ’ 

Although hadron colliders will produce 10’ to IO’ Z”‘s a year, the best place 

to find the Higgs boson in this m=s range is an c+e- collider where the energy can 

be tuned to the region of the 2’ pole to yield a clean, high statistics sample of Z” 

decays. In particular LEP should have approximately 10’ Z” decays per year. 

For the intermediate mass range (Mr 5 rnB 5 ~Mw) no convincing signal for 

detecting a Higgs boson is presently known. The production rate (by the mechanism 

in Fig. 51) is small even in a c+e- collider with fi = 200 GeV. On the other hand, 

in hsdron colliders additional production mechanisms exist and the total rate of 

Higgs boson production in the mass range can be substantial. Thus hadron colliders 

provide the best hope for finding a Higgs boaon with a mcrss in this intermediate 

range. 

The hat and most obvious additional Higgs production mechanism in a hadron 

collider L direct production by a quark pair (shown in Figure 52a). Because the 

Higgs coupling is proportional the msas of the fermion, we might expect the heaviest 

pair, namely the top quarks, be the dominant subprocess. Indeed, 

u@p * Ho +X) = GF~ m? d,$: 
-c-+2 
34 i mj, dr 

= 3.3&&x mfr% 
i rn& dr 

(4.43) 
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where ,n, is the mass of the it” quark flavor. However, referring back to Fig. 17 we 

see that the it luminosity is small even at supercollider energies. For example at 

fi = 40 TeV assuming a 30 GeV/c’ top quark the Higgs production cross section 

o(St + Ho) = 9 pb (4.44) 

. For lighter quarks, where the luminosity is greater, the m-s proportional coupling 

suppresses production. 

There is however a second production mechanism which gives large production 

cross sections. This is the gluon fusion process shown in Figure 52b. This one loop 

coupling of gluons to the Higgs through a quark loop takes advantage of both the 

large number of gluow in a proton at these subenergies and the large coupling of 

the,Higgs to heavy quarks in the loop. The cross section isrg: 

where n = xi qi and 

andri=$nd 

4FP - x0 +X) = ~(~)z,~,,d~ 

7Ji = z[l + (Ei - 1)4(4)] (4.46) 

6(c) = 
i 

-[sW’(l/Jz)~’ c>l 

![ln(s) + iajZ t < 1 1 ’ 

For small ci, 11 can be approximated by 0.7m,Z/m$r. 

This gluon fusion mechanism leads to large cross sections for Higgs production: 

mH o(jTp * HO + X) 

via gluon fusion 

(GeVjcz) 4 = 2 TeV Js = 40 TeV 

100 3 pb 300 pb 

200 .lpb 25 pb 

In this aus range the principal decay mode of the Higgs is the heaviest fermion 

pair available, presumabIy top. Hence a top jet pair with the invariant mass rnrr is 

the signal of the Higgs. However, this signal is buried in the background of QCD’ 
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H 

C-1 k-1 
cbj 20 

Figure 52: Higgs production mechanisms in hadron colliders: (a) direct production 

from quark-antiquark annihilation, (b) gluon fusion, and (c) intermediate vector 

b-on fusion. 
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jet pa&. Even if a perfectly efficient means of tagging top quark jets existed, the 

signal/background ratio is hopeless small. For example, at “5 = 40 TeV with a 30 

GeV/c2 top quark 

A&,, / $$fP - t + 5 - *v 

100 GeV ) 7 nb 

1 200 GeV 1 

which swamps the gluon fusion cross sections given above. 

At SSC energies it may be possible the find a Higgr in this intermediate msss 

range by associated production with W* or Z from a gq initial state. This is basi- 

tally the same mechanismused for seeing a low mass Higgs in e+e- shown in Fig. 51. 

Although the production rate is low even for SSC energies, the signal/background 

ratio is much better than in the gluon fusion mechanism because the associated W* 

or Z” can be identified through its leptonic decays. The rate is marginal and the 

success of the method depends on the efficiency of detecting top jets. For a detailed 

discussion of these issues see Ref. 80. 

2. Higgs Mass Above 2 MW 

For high mass Higgs, there is a new production mechanism, in addition to direct 

production (Fig. 52a) and gluon fusion (Fig 52b), intermediate vector boson (IVB) 

fusions1 shown in Figure 52~. This mechanism becomes significant because (aa we 

saw in Fig. 18) the proton contains a substantial number of electroweak gauge 

bosons constituents at high energies. 

The total width (along with the principal partial widths) is shown in Figure 53 

for a Higgs boaon with mass above the threshold for decay in W+W- and Z”Zo 

pairs. The decays into W+W- and Z”Zo pairs dominate for Higgs masses above 

250 GeV/cs; hence the detection signal for a Higgs in the high mass range is a 

resonance in electroweak gauge boson pair production. The width of this resonance 

grows rapidly with the Higgs m-s. For a Higgs as massive es the unitarity bound 

(1 TeV/c2) the width is approximately 500 GeV/cZ, making the resonance difficult 

to observe. 



-lq- FERMILAB-Pub-85/178-T 

I I . I I t I,, 

h+ s 82 G&//c* 

w 93 Gev/c2 

(w’w-+ 2’2”) /A 
2 1c; 

I 

52 
‘SW 
> 
t 

55 
L - / 

M, (GeV/c2) 

Figure 53: Partial decay widths of the Higgs boson into intermediate boson pairs 

as a function of the Higgs mass. For this illustration MW = 82 GeV/c’ and 

Mz = 93 GeV/c’. (From EHLQ) 
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The cross section for the production and decay 

PP + Ho f anything 

L zozo 

at ,,6 = 40 TeV is shown in Figure 54. The rapidity of each Z” is restricted 30 that 

lysl < 2.5 and m, is resumed to be 30 GeV/cr. The cut ensures that the decay 

products of the Z” will not be confused with the forward-going beam fragments. 

The contributions from gluon fusion and NB fusion are shown separately. 

The background from ordinary Z”Zo pairs is given by 

r Ww 4 ZZ+X) 
dM 

(4.49) 

where M = mH and I’ = max(I’H,lO GeV). As can be seen from Fig. 54, the 

background of standard Z”Zo pairs is small. 

To compare the reach of various machines the foilowing criterion to establish 

the existence of a Higgs boson have been adopted in EHLQ. There must be at least 

5000 events , and the signal must stand above background by five standard devia- 

tions. The 5000 events should be adequate even if we are restricted to observing the 

leptonic decay modes of the Z” (or W’). In particular, 18 detected events would 

remain from a sample of 5000 Z”Zo pairs where both Z’s decay into c+e- or p+p-. 

Figure 55 shows the maximum detectable Higgs mass in the Z”Zo final state, with 

jyzl < 2.5, and mI=30 GeV/c’ u a function of fi for various integrated luminosi- 

ties. Similar limits apply for the W+W- Enal state. More details of this analysis 

can be found in EHLQ. 

The assumptions made in the analysis resulting in the discovery limits of Fig. 

55 are conservative. It was assumed that m ,=30 Gev/c2 and that there are no 

additional generations of quarks. If m, is heavier or there are additional generations 

then the Higgr production rate will increase considerably. Hence we CM safely 

conclude that at the SSC with fi = 40 TeV and t = 1033cm-~scc-1 the existence 

of a Higgs with mass rnH > 2Mw can be established. If at least one Z” can be 

detected in a hadronic mode then il = 103’cm-zsec’* would be sufficient. 
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Figure 54: Cross section for the reaction pp + (X + ZZ)+ anything according 

to EHLQ parton distribution with A = .29GeV. The contribution of gluon fusion 

(dashed line) and IVB fusion (dotted-dashed line) are shownseparately. Also shown 

(dotted 1ine)is 22 pair background. 
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Figure 55: Discovery limit of rn~ as a function of fi in pp + H -+ W+W- and 

pp -+ 2’2’ for integrated luminosities of 10 ‘O, 1039, and (for the W+W- final state) 
1036cm-‘, according to the criteria explained in the text. The dashed line is the 

kinematic threshold for the appropriate Higgs decay. 
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D. Unnaturalness of the Scalar Sector 

Presently there is no experimental evidence that requires the modification or exten- 

sion of the standard model. The motivations for doing so are based upon aesthetic 

principles of theoretical simplicity and elegance. Perhaps the most compelling ar- 

gument that the standard model is incomplete is due to ‘t Hooft*r 

In general the Lagrangian L(A) p rovides a description of the physics at energy 

scales at and below A in terms of fields (degrees of freedom) appropriate to the scale 

A. In this sense any Lagrangian should be considered as an effective Lagrangian 

describing physics in terms of the fields appropriate to the highest energy scale 

probed experimentally. One can never be sure that at some higher energy A’ r(A’) 

may not involve different degrees of freedom. This in fact has happened many 

times before in the history of physics; the most recent time being the replacement 

of hadrons with quarks at energy scales above a GeV. 

It is a sensible to ask which type of effective Lagrangian can consistently repre- 

sent the low energy effective interactions of some unknown dynamics at some higher 

energy scale. This type of question is in a sense metaphysical since it concerns the 

theory of theories, however much can be learned from studying the classes of possible 

theories. In this respect one very important property of a Lagrangian is whether it 

is “natural” or not. There are many different properties of a theory which have been 

called naturalnesss3 Here I am discussing only the specific definition of ‘t Hooft** 

A Lagrangian L(A) is natural at the energy scale A if and only if each 

small parameter ((in units of the appropriate power of A) of the La- 

grangian is associated with an approximate symmetry of 13(A) which in 

the limit f + 0 becomes an exact symmetry. 

Within the context of an effective Lagrangian this definition of naturalness is 

simply a statement that it would require a dynamical accident to obtain small [ 

except as defined above. This definition of naturalness has two important properties: 

First to determine whether a theory is nature at some energy scale A does not require 

any knowledge of physics above A; and second, if a Lagrangian becomes unnatural 

at some energy scale Ac then it will be unnatural at all higher scales A. Hence if 

naturalness is to be a property of the ultimate theory of interactions at very high’ 
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energy SC&S, then the effective Lagrangian at a11 lower energy scales must have the 

property of naturalness. The W-S theory will elementary scalars becomes unnatural 

at or below the electroweak scale as we shall see below; therefore if we demand that 

the final theory of everything is natural, the standard model must be modified at 

or below the electroweak scale! 

The problem with naturalness in the W-S Model comes from the scalar sector. 

To see the essential difficulty, we consider a simple 4’ theory: 

L = &by - krn’m’ - $4 

Consider the naturalness of the parameters in thi Lagrangirm. X can be a small 

parameter naturally because in the limit X = 0 the theory becomes free and hence 

there is an additional symmetry, 4 number conservation. For the parameter, m*, the 

limit ms = 0 apparently enhances the symmetry by giving a conformally invariant 

Lagrangian; however this symmetry is broken by quantum correction8 and thus 

CIU not be wed to argue that a small ms is natural. Finally, if both A and mz are 

taken to zero simultaneous1y, we obtain A symmetry 6(z) + 4(z) + c. Hence we 

can have an approximate symmetry at energy As where: 

x-O(e) and mz -O(& (4.51) 

Therefore 
(4.52) 

ignoring factors of order one. Thus naturalness breaks down for A 1 Ae. 

Returning to the W-S Lagrangian of Eq. 3.1, we can ssk if there is any approxi- 

mate symmetry which can allow for a small scalar mass consistent with naturalness? 

We have seen that the only possibility is the symmetry 4 + 4 + c. But this sym- 

metry is broken by both the gauge interactions and the scalar self interactions; 

hence 

2 I O(24 1 O(%) (4.53) 

and remembering that rn’j, = 4X$ Eq 4.53 implies 

A s 0(&v) = 246&V (4.54) 
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the el~trowc& scale. The W-S model becomes unnatural at approximately the 

ektrowcak scale. Ah 

24z 
rnff = - 9 Mv10wfw) 

Hence values of rnn much below Mw are unnatural. 

TO summarize, the W-S model is unnatural at energy scales A > G;b because 

m;/A’ is a small parameter which does not has any associated approximate sym- 

metry of the Lagrangian. This unnaturalness is not cured in GUTS models (e.g. 

SU(5)). The theory must be modiEed at the electroweak scale in order to remain 

natural. 

Two solutions have been proposed to retain naturalness of the Lagrsngian above 

the electroweak scale: 

l Eliminate the scalars as fundamental degrees of freedom in the Lagrangian 

for A W G;‘. We will consider this possibility in the next two lectures on 

Technicolor and Compositeness. 

l Associate an approximate symmetry with the scalars being light. The only 

possible symmetry known is Supersymmetry, which we will discuss in the last 

lecture. Since supersymmetry relates boson and fermion masses, and chiral 

symmetry protects zero values for fermion masses; by combining these two 

symmetries we can associate a symmetry with masses of scalar Eeldo being 

zero. However to be effective in protecting scalar masses at the electroweak 

scale the scale of supersymmetry breaking must be of the order of a TeV or 

Iess. 

Hence both alternatives for removing the unnaturalness of the standard model re- 

quire new physics at or below the TeV scale. We will consider the possible physics 

in detail in the remaining lectures. 
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V. A NEW STRONG IXTERACTION ? 

As we discussed in the last section, the Weinberg-Salam Lagrangian is unnatural 

for A > Cji. One remedy is to make the scalar doublet of the standard model 

composite. Then the usual Lagrangian is only the appropriate effective LagrangiM 
for energies below the scale ir of the new strong interaction which binds the con- 

stituents of the electroweak scalar doublet. Clearly this new scale Ar cannot be 

much above the electroweak scale if it is to provide a solution to the nat,uralneJs 

problem. 

It should be noted that the standard model itself will be strongly interacting 

for mH near the unitarity bound of Eq 4.30 since rnk = 4Xuz. So many results 

presented here will be applicable to that case as well. See 1k4.K. Gaillard’s lecture 

at the 1985 Yale Summer School for a detailed discussion of this possibilityss. 

A. Minimal Technicolor 

1. The Model 

The simplest model for a new strong interaction is called technicolor and wa first 

proposed by S. WeinbergnE and L. Susskind a’. This model is build upon our knowl- 

edge of the ordinary strong interactions (QCD). 

The minimal technicolor model introduces a new set of fermions (technifermions) 

interacting via a new non-Abelian gauge interaction (technicolor)., SpeciEcally the 

technicolor gauge group is assumed to be SU(X) and the technifermions are as- 

sumed to be massless fermions transforming as the N + m representation. None of 

the ordinary fermions,carry technicolor charges. 

The technifermions will be denoted by U and D. In the minimal model the 

technifermions have no color and transform under the SU(2) @ U(1) M: 

w4L 

2 

1 

U(l)v 
0 

1 

-1 
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The yaluu of the weak hypercharge Y of the technifermions is consistent with the 

requirement of an anomaly free weak hypercharge gauge interaction. With these 

assignments the technifermion charges are: 

0 = Ia + Y/2 thus Qu = +1/2 and Qn = -112 (5.1) 

The usual choice for N is N = 4. 

Technicolor becomes strong at the scale AT at which &(Ar) z 1. As with the 

ordinary strong interactions, the chiral symmetries of the technifermions 

SU(2)L @ SU(2)R (5.2) 

are spontaneously broken to the vector subgroup” 

SU(2)v (5.3) 

by the condensate < GQ ># 0. The SU(2)‘ @ Sum symmetry of the tech- 

nifermions accounts for the SU(2)‘ @ SU(2) R a y mmetry of the effective Higgs po- 

tential. Associated with each of the three broken symmetries is a Goldstone boson. 

These are Jpc = OS+ isovector massless states: 

II; - a7su 
II; - +hu - &SD) 
II;: - U7SD (5.4) 

Goldstone bosons associated with the spontaneous breakdown of the global chiral 

symmetries of the technifermions are commonly called technipiona. 

The couplings of the three Goldstone bosons to the EW currents are given by 

current algebra: 

< OlJ.‘(O)I&(q) > = iq*Fr&bg/2 

< OlJ;(O)jII,(q) > = iq’FzS.3g’/2. (5.5) 

These couplings determine the couplings of the Goldstone bosons to the W* and 

Z”. To see how the Higgs mechanism works here, consider the contribution of the 
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Goldstone bosons to the polarization tensor of an electroweak boson: 

/ d .7P < olTJ:(z)J;(O)[O >= -ilT$(k) = -i(gLYk’ - k”k”)fI,~(k) (5.6) 

Using the couplings of the Goldstone bosons to the currents given in Eq. 5.5, we 
se that the Goldatone bosons contribute to give a pole to II(k) aa k2 - o ~0 

(5.71 

where 

(5.8) 

This is simply the standard Riggs mechanism with the scalars replaeed by composite 

bosow. The mass matrix M gives a massive W* and Z” with 

MwIMz = eos(8,) = 
$7 

and a massless photon. To obtain the proper strength of the weak interactions we 

require 

F, = 246CeV (5.10) 

The usual theory of the spontaneously broken symmetries of the ScT(2)~@U(l)y 

model is completely reproduced. The custodial SU(2)v symmetry of the technicolor 

interactions (Eq. 5.2) guarantee the correct W to 2 mass ratio. 

Technicolor provides an elegant solution to the naturalness problem of the stan- 

dard model; however’it has one major deficiency. The chial symmetries of ordi- 

nary quarks and leptons remain unbroken when the technicolor interactions become 

strong. Hence no quark or lepton masses are generated at the electroweak scale. 

Another way of saying the same thing is that the interactions generated by the tech- 

nicolor do not generate effective Yukawa couplings between the ordinary quarks and 

leptons and the composite scalars. We return to discuss attempts to remedy this 

problem later. 
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2. Technicolor Signatures 

Rnowmg the spectrum of ordinary hadrom, and attributing its character to QCD, 

we may infer the spectrum of the massive technihadrons. The spectrum should 
mimic the QCD spectrum with two quark flavors. It will include: 

1 in isotopic triplet of Jpc = l-- technirhos 

P; = &‘U - &‘D) (5.11) 

The marsee and widths of the tech&ho mesons CM be estimated using the 

QCD analogs and large N argumentsss. We obtain 

3, (5.12) 

qpr + l-IrrIr) = qp + xn)(;)[~][l - q-t (5.13) 
, m, 

For the choice N = 4, M,, = 1.77 TeV/c’ and Trz = 325 GeV. 

l Ati isoscalar Jpc = I-- techniomegs 

4= fi +h”U + Dy’D) (5.14) 

with a mass approximstely degenerate with the technirho and which decays 

principally into three technipions. 

l An isoscaiar Jpc = O-+ technieta 

VT = $hsu + &SD) 

with a msss =l TeVJcl. 

4 An isoscalar Jpc = Of+ technisigma, 

(5.15) 

Ho = $(uU -+aD) (5.16) 
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with a m-s expected to be =z 2Ar and ordinary technicofor strong decays. 

The technisigms is the analogy of the physical Higgs SC&~ in the Weinberg- 

S&im model. Here the dynamics determines the mk)s of the Higgs-like sc&r; 

it is not a free parameter M it is in the stsndard model; and in particular, it 

cannot be light. 

In addition there are other more massive scalars, axial vectors, and tensors. There 

will also be a rich spectrum of (TN) technibaryons. Some of these might well be 

stable against decay, within technicolor. 

Ln hadron-hadron collisions, technifermions of the minimal model will be pair 

produced by electroweak processes. One possible experimental signature is the 

creation of stable technibaryons, which for all odd values of N would carry half- 

integer charges. The production rate cannot exceed the overall rate of technifermion 

pair production, which even at the SSC will be minuscule- on the order of the Drell- 

Yan cross section at 4 w ?m(technibaryon). 

The signature of the minimal technicolor scheme is the expected modifications 

to the electroweak processes in the I-TeV regime. Thus only a supercollider will 

have sufficient energy to observe these signals. The most prominent of these are 

the contributions of the s-channel technirho to the pair production of electroweak 

gauge bosons. Because of the weak hypercharge assignments of the technifermions 

the techniomega (unlike the omega in QCD) does not mix with the photon or Za 

to produce a s-channel resonance. 

Because of the strong coupling of the technirhos to pairs of longitudinal W’s or 

Z’s (the erstwhile technipions), the processesse 

qiqi + (I or Z”) *WC Wi (5.17) 

and 

Qi Tj -w*4w;z; (5.18) 

where the subscript L denotes longitudinal polarization, will produce significant 

enhancements in the pair production cross sections. 
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hcludhg the s-channel techxiirho enhancement, the differentiai cross section for 

production of W+W- is given by 

$(uIi - w-w-) = S{2(1+ u f-L2 L”)y ;,“: - !%) + Iit ;;% 

-4( u ff&)& + I,sy& @y+Rlt) 

Ju-G)~~+~+(~~M?~ -UX 
52 u - ,%f; )(&)I 

+( u-uMpP”-l+x* +;;j-‘z3i} (5.19) 

where PW = t/m, L. = 1 - 42,/3, R, = 4~~13, and 

WT 
X = (u - M;JJ + M;J;+ 

(5.20) 

All the effects of the technirho are contained in the factor X , setting X = 1 

corresponds to the standard model expression. The corresponding expressions for 

the contribution of technirhos to du/dt for da -. W+W- and ua -+ W+Z” are given 

in EHLQ(Eqs. 6.22-6.23 respectively). There is no p$ enhancement in the ZOZO 

final state since p$ has IT = 1 and ITS = 0 (i.e. W, couples only to W+W- not to 

W,W, or BB; hence the p$ will not couple to them either). 

,We show in Figure 56 the mass spectrum of W+W- pairs produced iq pp colli- 

sions at 20, 40 and 100 TeV, with and without the technirho enhancement. Both 

intermediate bosons are required to satisfy lyl < 1.5. The yields are slightly higher 

in the neighborhood of the PT in pp collisions. This is a 25 percent effect at 40 TeV. 

We show in Figure 57 the mess spectrum of W*ZO pairs produced in pp colli- 

sions st 20, 40 and 100 TeV, with and without the p$ enhancement. Again both 

intermediate bosons are required to satisfy /yl < 1.5. 

The technirho enhancement amounts to nearly a doubling of the cross section 

in the resonance region for W+W- pair production and an even greater signal to 

background (S/B) ratio in the W*Z” cue. However, because the absolute rates are 

small, the convincing observation of this enhancement makes nontrivial demands 

on both collider and detector. 
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Figure 56: Mass spectrum of W+W- paira produced in pp collisions, according 

to the parton distribution of Set 2 in EHLQ. The croes sections ara #howa with 

(solid lines) and without (dashed linee) the tech&ho enhancement of Eq. 5.19. 

Mm = 1.77 TeV/ez and I’,+ = 325 GeV. 
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Figure 57: Msss spectrum of W+Ze and W-Z0 pairs produced in pp coilisions, 

according the the parton distributions of Set 2 in EHLQ. The cross sections are 

shown with (solid lines) and without (dashed lines) the technirho enhancement. 

M,, = 1.77 TeV/c’ and rrr = 325 GeV. 
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Table 7: Detecting the pr of the LMinimal Technicolor Model at a pp Supercol. 

lider. For an assumed integrated luminosity /dtC = 10’“(cm)-‘, the total sig- 

nal/background rates (S/B) are given for the channek WC w- (column 2) and 

W* Z” (column 4). Detecting 25 excew events with a 50 S/B require minimum 

detection etlieiencics cw end cz given in column 3 and 5 respeerively. 

J3 w+w- 

VW S/B ew s,,“’ z+zy 

10 - - 28flO 1 

20 1OO)llO .52 152/SO .41 
40 240/300 38 420/130 .24 

An estimate of the background of standard gauge boson pairs can be obtained 

be integrating that cross section over the resonance region 

1.5TeVlc'~ M < 2.1TcV/cz (5.21) 

The resulting signal and background events for a standard run with integrated lu- 

minosity of 10’“cm-’ are given Table 7. We require that the enhancement consist 

of at least 25 detected events, and that the signal represent a five standard devia- 

tion excess over the background. This criterion translate3 into minimum detection 

efficiency for the gauge bosons also linted in Table 7. 

Since the leptonic branching ratio for the Z” is only 3 percent per charged lepton. 

we can conclude (from Table 7) that detection of the technirho at t/s = 40 TeV 

requirw observation of at least the Z” in its hadronic decay modes. Realistically it 

will also be necessary to detect the W*‘s in their hsdronic modes. In these cases 

the two jet backgrounds to the W* or Z” must be separated. The severity of the 

2 jet + W and 4 jet backgrounds is atill an open question, but it is under intense 

studys’. 

Whatever the conclusions of present studia, it is safe to say that discovering the 

tech&ho signature of the minimal technicolor model is one of the hardtst challenges 

facing experiment&t at the future SSC. 
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B. Extended Technicolor 

1. Generating Fermion Masrer 

The minimal model just presented illustrates the general strategy and some of the 

consequences of a technicolor implement&ion of dynamical electroweak symmetry 

breaking. However it does not provide a mechanism for generating muses for 

the ordinary quarks and leptons. Various methods of overcoming this problem 

have been proposed , in this section we consider the original proposal _ extended 

technicolorg*~g’ as a prototype. 

The basic idea of extended technicolor (ETC) is to embed the technicolor group 

Gr into a larger extended technicolor group Gcrc 2 Gr which couples quarks and 

leptons to technifermions. This extended gauge group is Msumed to break down 

spontaneously GE~C - Gr at an energy scale 

AETC - 30 - 300TeV (5.22) 

producing masses for the ETC gauge bosons of order 

%X = &c&c . (5.23) 

Since the ETC bosons couple technifermione to ordinary fermions, ETC boson 

exchange induces an effective four fermion interaction at energy scales below AETC: 

f ETC = -$+‘QL&~,~Q + h.c (5.24) 

where by Eq. 5.23: 

g:rclM&c = 1iA~rc (5.25) 

Now when technicolor becomes strong and the chiral symmetries of the tech- 

nifermions are spontaneously broken at scale Ar , forming the condensate 

< O/‘Z’L~RIO > +h.c. ;51 A; , (5.26) 

the effective Lsgrangian of Eq. 5.24 becomes 

c ETC = (5.27) 
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This h just a msss term for the ordinary fermion field q. Hence, by this mechanism 

the ETC interaction9 can generate 6 mu9 

A:. mp = - 
&C 

(5.28) 

for the ordinary fermions. 

2. The FarhLSus8kind ModeP 

In any of the more nearly realistic technicobr models produced so far, there are 

at least four Eavors of technifermions. As a consequence, the chiral flavor group 

is larger than the SU(2)r @ SU(2)n of the minimal technicolor model(Eq. 5.2), 

so more than three massless technipions result from the spontaneous breakdown of 

china1 symmetry. These addition technipiona remain as physical spinless pruticla. 

Of course, these cannot and do not remain massless, but acquire calculable muses 

considerably less than 1 TeV/cs. These particle9 are therefore accessible to present 
and planned hadron colliders. 

At present there is no completely realistic model that incorporates the ideas 

of ETC. In particular, the lack of an obvious analog of the Glashow-Iliopoulos- 

Maiani(GM) mechanismg5 is precisely the feature of all known ETC models that 

makes them phenomenologically problematic 9z~ga~9’. Recently several attempts have 

been made to construct a GIM-like mechanism for ETC theoriesg9. However, no 

proposal has yet been a complete success. 

Here we consider a simple toy technicolor model due to Farhi and Susskindg’, 

which has quite a rich spectrum of technipions and technivectormesons. This model 

has been developed f-her by bimopoulosw, Peskinloo, Preskill’“‘, and Dimopoulos, 

Raby, and Ksn~‘~~. Of course this model is not correct in detail, but many of the 

observable consequences should not be affected by these problems. 

In the Farhi-Susskindmodel the technicolor group is SU(4). The technifermions 

transform under SU(3) @ SU(2)‘ @ U(l)r M: 
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The choice Y = l/3 gives the technifermions the same charges as the corraponding 

ordinary fermions. 

The global flavor symmetries G, of the massless technifermions in this model 

are: 

Gf = SU(~)L @ W(~)R @ U(l)v (5.29) 

which are spontaneously broken by the strong technicolor interactions at the scale 

Ar to the nonchiral subgroup: 

S~(8)v a U(l)” . (5.30) 

Associated with each spontaneously broken chirai symmetry is a massless Gold- 

stone boson. There are 8s - 1 = 63 such Goldstone bosons in this model. As 

before, there are three Goldstone bosons which are associated with the elqctroweak 

symmetries. When the electroweak gauge interactions are included these Goldstone 

bosom combine with the gauge fields to make the massive physical W* and Z” 

particles. The other Goldstooe bosom will acquire masses when the ETC, SU(3) 

color, and electrowealt interactions are included. For this reason these remaining 

states are sometimes called Pseudo-GoldstontBosons (PGB’s). More commonly, 

these additional states are called technipions in analog with corresponding states in 

QCD. 

3. Masses for Technipions 

The method of analysis used to determine the masses for technipions is a general- 

ization of the Dashen’s analysis for pion masses in QCD’O’. Let me briefly review 
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this idea here. 

Consider a Hamiltonian Ho invariant under a set of symmetries with charges 

Q,,: i.e. 

[Q., Ho] = 0. (5.31) 

Some of these symmetries may be spontaneously broken by the dynamics of the 

theory, ss in the theory we are considering. We denote the spontaneously broken 

symmetries by Q$; since they ue axial global symmetries in the case at hand. 

While the remaining unbroken symmetries will be denoted by Qr, as they are in 

fact vector symmetries here. 

The vacuum state of the theory IfI > will therefore annihilate the unbroken 

charges 
Q:ln, >= 0 (5.32) 

while for spontaneously broken charges 

c-‘*:**Jfl, >= In(A) ># 0. (5.33) 

That is, the spontaneously broken charges are not symmetries of the vacuum. They 

rotate the vacuum into other states which because the charges commute with HO are 

degenerate in energy with the vacuum. This is exactly what happened in the Higgs 

potenti,al of the Weinberg-Salam model discussed in Sec.3; spontaneous symmetry 

breaking occurs when the Hamiltonian has a degenerate set of lowest energy states 

(i.e. associated with a rotational invariance under the charge 8:). The physical 

theory must chose one vacuum (i.e. align along one dire&on), thus breaking the 

symmetry. The physical degree of freedom associated with rotation in the direction 

of the original degeneracy (ie. rotations generated by Qt) is a Goldstone boson. 

The Goldstone boeonj are massless because these rotations leave the energy of the 

system unchanged. 

Now consider what happens when a small perturbation 6Hr is added which 

explicitly breaks one of the symmetries that is spontaneously broken in the unper- 

turbed theory described by Ho. The degeneracy of the vacuum states is broken by 

6Hl and there is now a unique lowest energy state. If wt define an energy E(Aa) 

by: 

E(A.) 3-c ~~J~~i~~r~6H~eiu~“g~~~ > (5.34) 
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then if the minimum of E(A.) occurs for A. = A: the physical vacuum state will be 

/flph, >= e~Qqn0 > 

Reexpressing E in terms of the physical vacuum 

E(i) =-< n,h,le-‘0:li*6H,C’Q:~.InohI > . 

Now the minimum occurs at A. = 0 for each a. Hence at i. = 0 

and 

or equivalently 

aE = 0 
aA.. 

*< nPbrI[Qor6HIjIn,b, >= 0 

SE 
- = M:, 
&?A, 

< nphrllQo?j6HI,Q,]]ln,b, >= M$ . 

(5.35) 

(5.36) 

(5.38) 

(5.39) 

The matrix Mil, is simply related to the msss squared matrix for the pseudo 

Goldstone bosom associated with the the spontaneously broken symmetries of Ho. 

If the PGB decay constants are defined by 

< O\j~(O)(l& >= iFn6.& 

then 
s4 ma, - ‘M;, 

F,: 

(5.40) 

(5.41) 

4. Colored Technipion Marrer 

One mechanism by which technipions get masses is via the explicit symmetry break- 

ing resulting when the color and electroweak gauge interactions of the technifermions 

are included. These radiative corrections have been considered in detail by Peskin 

and Chadha’“‘, Preskilllol, and Baluni”‘. 

The lowest order color gluon exchange leads to a explicit symmetry breaking 

interaction 

6Hl = -g’/d’zD,,(r)J,CJ,Y(O) (5.42) 
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where D,, is the gluon propagator and 

J:(r) = ~(r)YT.V(r) (5.43) 

with 2’. is a flavor matrix of the technifermions. Deflning 

Q; 3 / d3r~(r)q07&V(z) (5.44) 

then the rnus matrix for the technipione is given from Eq. 5.39 and Eq. 3.41 by 

1-l a a 
mob - --- 

Fd aA. aA, I d’dD,&) < n,,,lrj~(r)jgY(OjIn~hl > lbao (5.45) 

where 
jl(*) s ,-i4:*.~,~(~)~4:*. (5.46) 

Using Eq. 5.43, Eq. 5.45, and Eq. 5.46 and fact that the technicolor interactions 

are flavor blind the mass matrix for the colored technipions can be written as: 

d, = ~Tr(LX..T.I[X,,T.l){.~~~}’ (5.47) 

where all the technicolor strong dynamics is contained in the factor M~c 

pfTc)* = $/~DJ~) < niqJ;(f)J;(o) - Jl;wm)ln 4. (5.48) 

The magnitude the dynamic term in Eq. 5.48 can be estimated by analog with 

QCD. Dashen proved that 

2 
m,+ - rniO = aM& (5.49) 

where 

M&, = F J d’rD,,,(z) < OIT(J;(Z)J;(O) - J,(z)J;(o))/o > . (5.50) 
r 

with D,, the photon propagator. Experimentally the value of MQCD is given by 

M&-,/m: = .3 (5.51) 
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and the dependence on the gauge group Su(N) CM dS0 be estimated using large 

N arguments’*. The result is 
dmfa8 

f. 
(5.52) 

Thus for SCr(4) Farhi-Susskind model, Fn = 126 GeV and dynamic factor in Eo. 

5.48 ia 

MTc = 500 GeV/e2. (5.53) 

Turning explicitly to the technipions in the Fruhi-Susskind model, we End 32 

color octet technipiow: 

(PZ P; Pi) --t glr;~Q 

Pi' 

(5.54) 

(5.55) 

(5.56) 

all with mass 
m(Pn) = (3a,)"' 500 GeV/c'a 240 GeV/c' 

and 24 color triplet technipions: 

(5.57) 

(5.58) 

Pj‘ + LysQi (5.5Q) 

(Fp; fl c, - v7+ (5.60) 

E' - 37,L (5.61) 

(5.62) 

with mass 

m(Pa) = (ta,)lia 500 GeV/c'z 160 GeV/c*. (5.63) 

5. Color Neutral Technipion Manres 

The total number of technipions in the Farhi-Susskind model is 63. As we have 

shown in the last section, 56 of these are colored and receive mess- from radiative 
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corrections involving color gluon exchange. The remaining 7 technipions are color 

neutral. Three of these are true Goldstone bosons remaining exactly massless: 

tn;, n;, n?) - +sfQ + +) (5.64) 

and become the longitudinal components of the W+, Z”, and W- by the Riggs 

mechanism. So finally we are left with four additional color neutral technipions: 

(P’, PO, P-) - $p71$Q - 3z+ 

p’0 - +aQ - 3&L). (5.65) 

(5.66) 

The mechanism for m.us generation is more complicated for these neutral tech- 

nipions. It is discussed in detail by Peskin and ChadharM and Baluniros. The main 

points are: 

s Before symmetry breaking effects are included the electroweak gauge interac- 

tion do not induce any msases for the technipions P+,P”, P-, and P’O. 

l Including the symmetry breaking effects, in particular the not-zero mass for 

the Z”, the charged P’s acquire a mass92~104~10s 

mEW(PC) = mEW(P-) = ~bg(~).b& = 6GeV/c’. (5.67) 
t 

while the neutral states P” and P’O remain massless. 

l The lightest neutral technipions can only acquire mass from the symmetry 

breaking effects of the ETC interactions. 

The effects of ETC gauge boson exchanges induce masses of the order ofs2.ros: 

(5.68) 

where the ETC scale iiafo is related to the quark (and lepton) mass scale mp 

by Eq. 5.28 
m& 

&c = - 
F,: 

(5.69) 
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However the scsle of, quark mluses range from m, zz 4MeV/c1 to m, > 

25&V/c*. Which value to use for the ETC scale is very uncertain. A rea- 

sonable guess92~‘00 for the total masses m = dmiw + m&o of these lightest 

technipions are: 

7GeVjc’ 5 m(P*) 5 45GeVjc’ 

ZGeV/c’ 5 m(P’) or m(P’“) 5 45GeV/c’ (5.70) 

(5.71) 

6. Technipion Couplings 

The coupling of technipions to ordinary quarks and leptons depend on the details of 

the ETC interactions in the particular model. However, in general, the couplings of 

these technipion are Higgs-like. Thus the naive expectation is that the technipion 

coupling to ordinery fermions pairs will be roughly proportional to the sum of the 

fermion masses. A discussion of various possibilities has been given by LaneioT. 

In addition, there are couplings to two (or more) gauge bosons which arise 

from a triangle (anomaly) graph containing technifermions, analogous to the graph 

responsible for the decay r” + 77 in QCD. The details of these couplings can be 

found elsewhere’*rO’. 

The major decay modes of the technipions =Vt summarized in Table 8. 

C. Detecting Technipions 

The masses of the color neutral technipions are within the range of present experi- 

ments. Some constraints already exist on the possible maSses and couplings of these 

technipions. 

The strongest constraints on the charged technipions ( P* ) come from limits on 

their production in e+e- collisions at PEP and PETR.4i”s. A charged technipion 

decaying into r~, or light quarks is ruled out for 

m(P*) < 17GeV/cZ (5.72) 

; however decays into bg are not constrained by these experiments. 
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,Table 8: Principal decay rnodu of technipions if Pfifrcouphngs are proportional 

to fermion mass. 

Principal decay modes 

Pl,P; 
(if unstable) 

tr-, tv,, br-, . . . 

E, ii, . . . 

Pa + 
PSO 
pa- 
PS 

'0 

(tQ* 
(4s 
p% 

(t% gg 

For the neutrai technipions the constraints are indirect and generally rather 

weak. A detailed discussion all the existing limits is contained in Eichten, Hinchliffe, 

Lane, and Quigg109. 

Finally consider the detection prospects in hadron colliders for technipions. My 

discussion will draw heavily on the detailed analysis presented by Eichten, Hinchliffe, 

Lane, and Quigg lo9 for present collider energies and EHLQ for supercollider energies. 

The principal production mechanisms for the color-singlet technipions in ?p 

collisions are: 

l The production ‘of P* in semiweak decays of heavy quarks. 

l The production of the weak-isospin-singlet states P’O by the gluon fusion 

mechanism. 

. pair production of P*P” through the production of real or virtual W’ bosons. 

l Pair production of P+P- by the Drell-Yan mechanism, especially near the 

Z” pole. 
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each of these mechanisms will be discussed in turn. 

If the the top quark is heavy enough for the decay: 

t - P+ + (b or s or d) (5.73) 

to be kinematically allowed, then this decay will proceed at the semiweak rateieQ: 

where 

qt + P+q) fJ m: + m: - Mi)p 

p = [m: - (mp + MP+)*lt[mi - Cm0 -MP+)?’ 

2mt 
(5.75) 

With more or less conventional couplings of the P* to quarks and leptons, the 

coupling matrix /MI = 1 and thus this decay mode of the top quark will swamp the 

normal weak decays. Hence the production of top quarks in hadron colliders will be 

a copious source of charged technipions if the decay, is kinematically allowed. On 

the other hand, seeing the top quark though the normal weak decays will put strong 

constraints of the mess and couplings of any charged color neutral technipion. 

The single production of the neutral isospin singlet technipion, P’O, proceeds by 

the gluon fusion mechanism ss for the usual Higgs scalar. The production rate is 

given by: 

$(ub + P” + anything) = ~r,!“(z.,M~)f~‘)(=b,M~) (5.76) 
r 

where r = M;/s. This differential cross section for P’O production at y = 0 is shown 

in Figure 58 as a function of technipion mass, IMP, for the SpppS and Tevatron 

colliders. The corresp’onding rates for Supercollider energies are shown in EHLQ 

(Fig. 181). 

The principal decays of the P” are: gg, gb, and r+r-. The relative branching 

fractions are shown in Figure 59. Comparing the rates of P”’ production with the 

background of QCD 6b jet events (see for example Fig. 16), it becomes clear that 

detecting P” in its hadronic decays is not possible. The background is more that 

two orders of magnitude larger than the signal. The only hope for detection is the 

leptonic final states - principally r*r-. For this channel the signal to background 
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ro-’ ’ I , I 
0 15 60 

Figure 58: Differential cross section for the production of color singlet technipion 

f”’ at Y = 0 in pp collisions, for 6 = 2 TeV (solid curve) , 1.6 TeV (dashed curve), 

and 630 CeV (dotted curve). (From Ref. 109) 
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0 15 45 60 

Figure 59: Approximate branching ratios for P’O decay. (From EHLQ) 
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ratio is good; but this crucially depends on the reconstruction of the P’O invariant 

mms which is difficult since each of the r decays contains a undetectable neutrino, 

Finally there is the pair production of color singlet technipions through the 

chains: 
FP -. W’ f anything 

L P*+PO 
(5.77) 

FP - Z” + anything 

L P’fP- 

where the intermediate bosons may be real or virtual. The couplings of these 

technipion pairs to the W’ and Z” are typically 1 - 2%. For more details see Ref. 

109. 

The cross section for P*P” pairs produced in pp collkions at present collider 

energies is shown in Figure 60. Both P* and P” uvc required to have rapidities 

lyil < 1.5. The cross sections are appreciable onIyyif (Mp+ = Mp-) < mw/2, for 

which the rate is determined by real W* decays. 

Under the usua1 assumption that these lightest technipions couple to fermion 

pairs proportional to the fermion muses, the signal for these events would be four 

heayr quark jets, eg. t&6. If heavy quark jets can be tagged with reasonable 

efficiency this signal should be observable. However, the couplings of P* and Pa to 

fermion pairs are the result of the ETC model-dependent mixing, and in general are 

more complicated then the aimple m-a proportional form usually assumed. Thus 

the search for scalar particles from W* decays should be es broad and thorough as 

practical. 

Similarly, the crosa’section for production of P+P- pairs is only of experimental 

interest in present collider energies if l pt < ms/2. These cross sections are shown 

in Figure 61. The rate of production of P+P- is low. It is not likely that this 

channel could be detected at a hadron collider in the near future. However this 

signal should be observable at the c+c- *Z” factories” at SLC and LEP. 
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Figure 60: Cross section of the production of P+P” and P-P0 (summed) in Fp 

collisions M a function of the common (by assumption) maJs of the technipions, for 

fi = 2 TeV (solid curve), 1.6 TeV (dsrhed curve), and 630 GeV (dotted curve). 

(From Ref. 109) 
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b 

Figure 61: Cross section of the production of P+P- pairs in pp collisions 8) a 

function of the P+ mass, for fi = 2 TeV (solid curve), 1.6 TeV (dashed curve), 

and 630 GeV (dotted curve). (From Ref. 109) 
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1. Colored Technipionr 

The principal production mechanisms for the colored technipions in np collision3 

are: 

. Production of the weak isospin singlet state P;” by gluon fusion. 

. Production of (Pap,) or (PBP,) pairs in gg and qq fusion. 

The gluon fusion mechanism for the single production of Pi0 is the same a~ 

just discussed for P’O production. The differential cross section is 10 times the cross 

section for P’O production given in Eq. 5.76. The differential cross section (summed 

over the eight color indices) at y = 0 is shown (u a function of the technipion 

mass in Figure 62 for present collider energies. The expected mesa (Eq. 5.57) is 

approximately 240 GeV/c’. The production for Supercollider energies is shown in 

EHLQ (see Fig. 164). 

The principal decay modes are expected to be gg and Tt. The rates for the 

expected mass M(P”) = 240 GeV/cz are too small for detection for & below 2 

TeV. The best signals for detection are decays into top quark pairs. 

Pairs of colored technipions are produced by the elementary subprocesses shown 

in Figure 63. The main contribution comes from the two gluon initial states (just 

as in the case of heavy quark pair production discussed in Lecture 2). Details about 

the production cross sections may be found in Ref. 109. 

The total cross sections for the process pp + PJP~ are shown in Figure 64; and 

the total cross sectiona for the process pp + Pap, are shown in Figure 65. In both 

cases rapidity cuts lyl < 1.5 have been imposed. The expected mass for the Pa 

technipion is approximately 160 GeV/cl (Eq. 5.63) and for the Pa approximately 

240 GeV/cr (Eq. 5.57). The corresponding cross sections for Supercollider energies 

are given in EHLQ (Figs. 187-190). The implications of these production rates for 

discovery of colored technipions are presented in next section. 

2. Discovery Limits 

If the technicolor scenario correctly describes the breakdown of the electroweak 

gauge symmetry, there will be a number of spinless technipions, all with masses less 
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Figure 62: Differential cross section for the production of the color-octet technipion 

Pt at y = 0 in )Jp collisions, for fi = 2 TeV (solid curve) , 1.0 TeV (dashed curve), 

and 630 CeV (dotted curve). (From Ref. 109) 
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Figure 63: Feynman diagrams for the production of pairs of technipions. The curly 

lines are gluons, solid lines are quarks, and dashed lines are technipions. The graphs 

with s-channel gluons include the pi0 enhancement. 
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Figure 64: Cross sectiona for the production of P$a pain in pp collisions, for 

fi = 2 TeV (solid curve) , 1.6 TeV (dashed curve), and 630 GeV (dotted curve). 

(From Ref. 109) 
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Figure 65: Cross sections for the production of PePa pairs in pp collisions, for 

4 = 2 TeV (solid curve) , 1.6 TeV (duhed curve), and 630 GeV (dotted curve). 

(From Ref. 109) 
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Table 9: ,Minimum eflective integrated luminosities in cm-’ required to establish 

signs of extended technicolor (Farhi-Susskind Model) in various hadron colliders, 

To arrive at the required integrated luminosities, divide by the efficiencies ci to 

identify and adequately measure the products. 

Collider Energy 

2 TeV 10 TeV 20 TeV 40 TeV 

Channel PP PP PP PP 
PO’ - 7-77- 5 x lo”* 8 x 103” 3 x 10” 2 x 103’ 

(m(P,“Sj”=Z4tCeV,c’) 2 x 10’6 7 x 103’ 3 x 103’ 103’ 

(m(Ps) %OGeV,c’) 2 x 1033 2 x 103’ 4 x 103” 2 x 103’ 

(m(P,) = 400GeV/c*) - 103s 2 x 103’ 4 x 103’ 
- 

P6P6 
(m(P6) = 240GeV/c7) 103s 2 x 103s 5 x 103’ 2 x 103’ 

(m(P8) = 400CeV/ct) - 2 x 1036 4 x 1035 10” 

L’T* - w*zo - 2 x 1039 7 x 1038 3 x 1033 

than the technicolor scale of about 1 TeV. The simple but representative model of 

Farhi and Susskind9’ was considered here. 

A rough appraisal of the minimum effective luminosities required for the obser- 

vation of technipions of this model is given in Table 9 for present and future hadron 

colliders. The discovery criteria require that for a given charged state, the enhance- 

ment consists of at lerut 25 events, and that the signal represent a five standard 

deviation excess over background in the rapidity interval /yl < 1.5. The top quark 

msss WM assumed to be 30 GeV. 

We can conclude that a 40 TeV pip collider with a luminosity of at least 

1039cm-’ will be able to confirm or rule out technicolor. 
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VI. COMPOSITENESS ? 

~.n the previous lectures, it WM assumed that the quarks, leptons, and gauge 

bosons all are elementary particles. One extension of this standard picture, to 

which a considerable amount of attention hss been given, is the possibility that the 
quarks and leptons are composite particles of more fundamental fields. However, 

the gauge bosons will still be assumed to be elementary excitations; so any msases 

for these gauge bosons are generated by spontaneous symmetry breakdown through 

the Higgs mechanism. 

There is no experimental data to indicate any substructure for the quarks and 

leptons. Therefore all speculation about compositeness is theoretically motivated. 

Consequently a good fraction of this lecture is devoted to the theoretical apects of 

composite model building. So far no obviously superior model has been proposed. 

Since the idea of quark and lepton compositeness is still in the early stages of 

development, the emphasis here is on the motivation for composite models and on 

the general theoretical constraints on composite models. After a general discussion 

we turn to the expected experimental consequences of compositeness. First the 

present limits on quark and lepton substructure will be reviewed. Then the signals 

for compositeness in the present generation of colliders so well as in supercolliders 

‘will be explained. Finally, the signals of crossing a compositeness threshold will be 

mentioned. 

A. Theoretical Issues 

1. Motivation 

Several factors have contributed to speculation that the quarks and leptons are not 

elementary particles. 

l The most obvious suggestion of compositeness is the proliferation of the num- 

ber of quarks and leptons in a repeated pattern of left-handed doublets and 

right-handed singlets. This three generation spectra is suggestive of an ex- 

citation spectrum of more fundamental objects. Finding a repeated pattern 

has been a precursor to the discovery of substructure before; for example, the 

periodic table of elements in atomic physics. 
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l The complex pattern of the quark and lepton masses together with the mixing 

angle needed to describe the difference between the strong and electrowe& 

flavor eigenstates suggests that these parameters are not fundamental. 

. It is, moreover, very likely that at least the Higgs sector of the Weinberg-Sal- 

model is not correct at energies above the electroweak scale. Therefore the 

scalar particles which implement the symmetry breakdown may be composites 

formed by a new strong interaction, such M technicolor. Although there is 

no compelling reason to cusociate a composite quark-lepton scale with these 

composite scalars, certainly it is an option which introduces a minimal amount 

of new physics. 

For these reasons the idea of compositeness presently enjoys wide theoretical inter- 

est. 

2. Consirtency Conditions for Composite Models 

To begin the theoretical discussion of composite models we will, following ‘t Hooftlio, 

consider a prototype composite theory of quarks and leptons consisting of a non- 

Abelian gauge interaction called metacolor which is described by a simple gauge 

group 4 with coupling constant gM. Assuming that the gauge interaction is asymp- 

totically free there will be some scale AM at which the coupling becomes strong 

54 1 
aM=-G= (‘3.1) 

This is the characteristic male for the dynamics and hence for the masses of the 

physical states. 

In addition this prototype theory has a set of massless fundamental spin l/2 

fermions, sometimes called preons, which carry metacolor. The massless fermions 

will be represented here by Weyl spinors. (The ordinary Dirac representation can be 

constructed whenever both a Weyl spinor and its complex conjugate representation 

appear.) 

Metacolor dynamics is similar to QCD except that the gauge interaction will 

not in general be vectorlike. A theory is termed vectorlike if the fermion represen- 
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tation under the gauge group R is real; that is, every irreducible representation is 

accompanied by its complex conjugate representation hence R’ = R. 

The fermions will exhibit global symmetries described by a global chiral flavor 

symmetry group Cl. No global symmetry whose current conservation is spoiled by 

the presence of the metacolor gauge interactions will be included in C,. Therefore 

the symmetry structure of the fermions consists of two relevant groups: 

l the gauge group - 4, and 

. the global flavor group - G,. 

The physical masses of the quarks and leptons are very small relative to the 

compositeness scale; this is one essential feature that any prototype model of com- 

posite quarks and leptons must explain. Therefore, with the resumption that the 

gauge interaction !j is confining, there must exist a sensible limit of the theory in 

which the quarks and leptons are msssless composite states. Thus the most relevant 

feature of any prototype composite model is its spectrum of massless excitations, 

of which the spin l/2 particles are the candidates for quarks and leptons. 

The spectrum of massless composites is directly related to the pattern global 

chiral symmetry breaking which occurs = metacolor becomes strong. In QCD the 

SU‘(n) @‘sum @ U(1) flavor symmetry breaks down to the vector subgroup. In 

a metacolor theory one expects that the global symmetry group breaks down to a 

subgroup: 

GI - S, P3.2) 

at energy scale AM. Associated with each spontaneously broken symmetry is a 

composite spin zero Goldstone bosons. Any massless composite fermions will form 

representations under the remaining unbroken subgroup S, of the global symmetry 

group Gf. 

A few simple examples of asymptotically free metacolor gauge groups !$, and 

fermion representations R; and the associated flavor groups G, are presented below: 
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Gauge Group Fermion Representation Global Group 

SV(W ! 4 @ 1 1 SU(m) C3 SU(m) @U(l) 

O(10) m(spinor) SW4 

WW @(N -4) SU(N -4)&l U(1) 

W3) @2 SU(2) @U(l) 

SW @5 SU(5) @U(l) 

The first example shows how the standard SU( N) vectorlike theory is denoted 

for m flavors of Dirac fermions in the fundamental representation. The flavor sym- 

metries ue just the usual SUL(m) @ SUR(m) Qp U(1). All the other examples are 

non-vector theories (i.e. the fermion representation is not real) and thus are pr- 

totypu for metacolor theories. The first such example is O(10) with fermions in 

the lowest dimensional spinor representation, a 16. The number m of spinor repr+ 

sentations is limited by the requirement that the theory be srymptotically free. In 

order to have a sensible theory, the fermion representation must be such that any 

gauge anomalies must cancelled. 0( 10) is anomaly safe; however, in the remaining 

examples, the anomalies are cancelled by judiciously choice of the fermion represen- 

tations. The next example is a generalization of the Georgi-Glashow SU(5) model”’ 

with fermions in the fundamental and antisymmetric tensor representations. If one 

wants to consider fermion representations of rank greater than two, then only an 

SU(N) gauge group with a low N will maintain the asymptotic freedom of the 

gauge interactions. 

Several general characteristics of the global symmetry breaking are relevant here: 

s For real fermion representations, when the gauge interaction becomes strong 

the axial symmetries are broken and only the vector symmetries remain unbro- 

ken*‘. This case ‘is uninteresting because the only massless particles are the 

Goldstone bosons associated with the broken axial symmetries. There sue no 

massless composite fermions. Vectorlike gauge theories are not good candi- 

dates for a prototype theory of composite quarks and/or leptons. 

l General arguments guarantee that only spin 0 and spin l/2 particles can 

couple to global conserved currents l**. Hence only spin 0 and l/2 massless 

states Ive relevant to the realization ! the global symmetries in a metacoior 

theory. 
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The most powerful consistency condition on the mmrless spectrum of any pr+ 

posed composite model is provided by ‘t Hooft”‘. These constraints provide a 

framework for studying the possible m=slass spectra of a metacolor model even 

though they do not imply a unique solution. TO understand these constraints con- 

sider any global current j’(z) which is conserved at the Lagrangian level: 

&j”(r) = 0 (8.3) 

This current involves preon fields and is associated with a conserved charge 

Q = /d”zj’(z) (5.4) 

When this current is coupled to a weak external gauge field, via a ja.4, interaction, 

the conservation may be destroyed by an anomaly, such as occurs for the axial U(1) 

current in QCD. The divergence of the current in the presence of the axternal gauge 

field is proportional to 33 

a,jr = ~3q$” (6.5) 

where T, = rr(QT) and 3”’ = PA’ - aYAp. Q, is the charge matrix for the 

mlusless preon fields. Any current for which I”, # 0 is called anomalous. It is 

important to remember that this anomaly is in a global current and not in the 

metacolor interactions which are required to be anomaly free for the consistency of 

the theory. This global anomaly may also be seen in one fermion loop contribution 

to the three point correlation function. 
M x 

A 

< Ol~j’(~)j’b)i”(~)lO > (‘33) 

= 3 -Ia Y 

At the preon level the anomalous contribution to this three point function is 

simple. The structure of the anomaly is given by Bose symmetry in the three cur- 

rents and current conservation while the coefficient is proportional to 2’1 = Tr(QT). 

It is only necessary to consider a general diagonal charge of the global symmetry 

group to determine the complete anomaly structure. All the off diagonal anomalies 

can be reconstructed from the coefficients of a general diagonal current. 

We are now ready to state ‘t Hooft’s condition explicitly. He states that the 

value of the anomaly calculated with the massless physical states of the theory 
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must be the same as the value calculated using the fundamental Prmn fields of the 

underlying Lagrangian 110. In the absence of the gauge interactions, these massless 

states are just the preons and therefore ‘t Hooft’s condition CM be restated that 

the gauge interactions do not modify the anomalies. It has bean shown”’ that this 
constraint follows from general axioms of geld theory. One important consequence 

of this condition is that if r, # 0, then there must be massless physical states 

associated with the charge Q,. This condition is the strongest constraint we have 

at present on composite model building. 

To further elucidate ‘t Hooft’s consistency condition consider adding some meta- 

color singlet fermions to the theory to cancel the anomalies in the global currents. 

Then including these spectator fermions the global symmetries are anomaly free 

and may themselves be weakly gauged. Thus, at distances large relative to the 

metacolor interaction scale, there must still be no anomaly when all the massless 

physical states are included. 

We will sssume that the metacolor gauge interaction is confining. It should be 

remembered, however, that this is an ad hoc assumption. It is not presently possible 

to calculate (even by lattice methods) the behaviour of nonvectorliie theories. 

The fundamental dynamical question for composite models is how ‘t Hooft’s 

constraint is satisfied. There are two possibilities: 

. If the global symmetry which has the anomaly is spontaneously broken when 

the metacolor interaction becomes strong, i.e. Q, $? St, then the m-s- 

less physical state required by the anomaly consistency condition is just the 

Goldstone boson associated with the spontaneously broken symmetry. The 

strength of the anomaly T/ determines the coupling of the Goldstone boson 

to the other matter fields. 

l If the anomalous symmetry remains unbroken when the metacolor interaction 

becomes strong, Q, E S,, then there must be massless spin l/2 fermions in the 

physical spectrum which couple to the charge Q, and produce the anomaly 

with the correct strength, T’,. Therefore, for unbroken symmetries, there must 

be a set of massless composite physical states for which the trace Tr(Q&,icd) 

over the charges of the msssless phykal fermions equals the trace Tr(Q;) 

over the charges of the elementary preon fields. 
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Thus It Hooft’s consistency condition implies a relation between the symmetry 

breaking pattern GI - S, and the massless spectrum of fermions. However, it does 

not completely determine the massless fermion spectrum for a given Lagrangian. m 

his original paper”” ‘t Hooft added two additional conditions. The first condition 

requires that if a mess term for a preon (mlL1L) is added to the Lagrangian, then, 

at least in the limit that the mass of this preon field becomes large, all composite 

fermions containing this preon acquire a mass and therefore no longer contribute 

to the anomaly. It is reasonable to expect this decoupling. The other condition 

is that the metacolor gauge interactions are independent of flavor except for mass 

terms. So that the solution to the anomaly constraints depend only trivially on the 

number of flavors in any given representation. 

For vectorlike theories these two additional constraints allow definite conclusions 

about the massless spectrum of the theory. However in nonvector theories these 

additional conditions are generally not meaningful. For example, in our examples, 

a mass term cannot be introduced for any of the preen Belda without explicitly 

breaking the metacolor gauge invariance. We will not consider these additional 

constraints further. 

3. A Simple Example 

It is instructive to give one explicit example which implements t’Hooft’s condition 

and constrains the msssless the physical spectrum. Unfortunately, this simple model 

(and in fact all other known models) is too naive to be phenomenologically relevant. 

Consider the model with metacolor gauge group 5 = SU(N) and preons in the 

antisymmetric tensor representation &j and N - 4 fundamental representations $J’. 

The number of fundamental representations is fixed by the requirement that the 

gauge interaction has no anomalies. 

The global symmetry group of this model is G, = SLr(X - 4) @ U(1). The 

origin of the U(1) symmetry can be seen es follows. For each type of representation 

a Lr(1) symmetry can be defined; however only one combination of these two CT(l) 

symmetries is free of an anomaly associated with coupling of the current to two 

metacolor gauged currents (the generalization of the axial V( 1) anomaly in QCD). 

The coefficient of this coupling for each of the global U( 1) currents is: 
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Hence the combination of global U(1) charges which remains conserved in the pres- 

ence of gauge interactions is: 

Q = / d’z[(N - 4)?7”Ai, - (,V - 2) c $,,7”G] . (6.7) 
ll.ron 

Assuming confinement, any spin l/2 msssiess physical state must be a singlet 

under the gauge group 3. One possible candidate for such a composite Reid is 

where n and m are flavor indices. In particular, we consider the symmetric tensor 

representation (p-,,, = F,,,,) under the global symmetry group SU(N - 4) E Cf. 

The dimension of this representation is (N - 4)(N - 3)/2. The U(1) charge of the 

F,, fields is -N. Although it cannot be proven that the F,,,,, represents massless 

fields”‘, it is consistent with ‘t Hooft’s condition for these states to be massless. To 

show this we need to demonstrate that all the anomaly conditions are satisfied by 

these massless fields. Comparing the anomalies for the preons and these physical 

states gives: 

Anomaly 

Tr((SU(N - 4))3] / 

Preons \ 

N I 

Tr((SU(N - 4))19] -N(N - 2) 

v?l (N - 4)3(N - l)N/2 

-(;v - 2)“(N - 4)N 

= -N”(N - 4)(N - 3)/2 

Composites F,,, 

(N - 4) + 4 = N 

-N[(N - 4) + 21 

1 = -N(N - 2) 

-N3(N - 4)(N - 3)/2 

The anomalies match exactly between the elementary and the composite particles. 

Therefore this model provides a non-trivial example in which massless composite 

fermions can be introduced in such a way that ‘t Hooft’s consistency condition is 

satisfled with the global symmetry group Gr completely unbroken. It should be 

remembered that the anomaly matching does not guarantee that the states F,,,,, 
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are in fact massless composites in this theory or that the maximal flavor group 

remains unbroken. We can only show that it is a consistent possibility. It could 

also happen that only a subgroup of G/ is remains unbroken; then there will be 
massless Goldstone bosons and some of these states F,,,,, may acquire masses. In 

any cbse, the existence of the solution above for the caSe G, is completely unbroken 

ensures that for any subgroup S, E G, the subset of the fermions which remain 

massless together with the Goldstone bosons associated with the broken symmetries 

satisfy ‘t Hooft’s consistency condition. 

The consistency condition of ‘t Hooft provides some guideline to which meesless 

composite fermions could be produced by an strong metacolor dynamics. It is also 

possible to envision mechanisms which would provide the small explicit symmetry 

breaking required to generated small masses for initially messless composite quarks 

and leptons. However, it is very difficult to understand the generation structure of 

quarks and leptons cu an excitation spectra of the metacolor interactions. Excited 

states would be expected to have a mess scale determined by the strong gauge 

interactions; but all of the generations of observed quarks and leptona have very 

small masses on the energy scale AM of the composite binding forces. Hence all 

masses and mixings would be required to originate from explicit symmetry breaking 

not directly associated with the metacolor strong interactions. 

In this brief introduction to the theoretical issues of composite model building it 

is clear that many of the original advantages of composite models remain unattained. 

B. Phenomenological Implications of Compositeness 

If the quarks and leptons are in fact composite, what are the phenomenoiogical 

consequences of this substructure? At energies low compared to the compositeness 

scale the interactiona between bound states is characterized by the finite size of 

the bound states, indicated by a radius R. Since the interactions between the 

composite states are strong only within this confinement radius, the cross section 

for scattering of such particles at low energies should be essentially geometric, that 

is, approximately 477R*. The compositeness scale can also be characterized by a 

energy scale A’ - l/R. 

Another naive view of the scattering process would replace constituent exchange 
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Figure 66: Elastic scattering between composite states at energies much below the 

compositeness scale. The dominant term is simply the exchange of the lowest-lying 

massive composite boson. 

by an exchange of a composite massive boson M shown in Figure 66. This approxi- 

mation is analogous to the one particle exchange approximation for the usual strong 

interactions at low energies; for example, p exchange in m.V collisions. The strength 

of the coupling gb/4s may be estimated by taking this analog one step further. The 

couplingg,F,,,/r(n s 2 suggests that the coupling gh/4s zs 1 is not unreasonable. 

The interaction at low energies is given by an effective four fermion interaction, 

or contact term, of the general form: 

(6.9) 

Using g,$/4r = 1 and identifying MV with A’ the effective interaction is of the 

expected geometric form. 

1. Limits From Rare Processes 

The possible contact terms in the effective low energy Lagrangian are of the general 

form: 
4n 
p 0 (6.10) 
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where 0 is a local operator of dimension 4 + d constructed of the usual quark, 

lepton, and gauge fields. Ignoring quark and lepton messes, the contribution of 

these Contact terms of the effective Lagrangian to the amplitude of some physical 
process involving quarks, leptons, or gauge fields must be proportional to the energy 

scale ,,G of the process considered raised to a power determined by the dimension 

of the operator. High dimension operators are suppressed by high powers of &/A*; 

and hence are highly suppressed at ordinary energies. Some possible operators 

which would contribute to rare processes at low energies are given in Table 10. 

The present limits on rare processes involving ordinary quarks and leptons provide 

severe restrictions on the scale A’ for the associated operator as shown in Table 10. 

For example, if the KE - Kj msss difference has a contribution from a contact term 

as shown in Table 10, then the scale of that interaction A’ > 6,100 TeV. Therefore 

these flavor changing contact terms can not be present in any composite model 

intended to describe dynamics at the TeV energy scale. Thus, in addition to the 

theoretical constraints imposed by ‘t Hooft, rare processes such as those listed in 

Table 10 provide strong phenomenological constraints on composite model building. 

2. Limits On Lepton Compositenesr 

The correct strategy for composite model building has not yet emerged. All that is 

known is that the m=s scale A’ which characterizes the preon binding interactions 

and the mass scale of the composite states :U 2 1 TeV. Very little is known in a 

model-independent way about the composite models except for the experimental 

and theoretical restrictions discussed above. For example, it is also entirely possi- 

ble that some of the quarks and leptona are elementary while others are composite. 

Therefore a conservative approach is to consider only those four fermion interac- 

tions which in addition to conserving SU(3) @ SU(2) @ U(1) gauge symmetries rue 

also completely diagonal in flavor. These interactions must be present in any com- 

posite model. For example, if the electron is a bound state; then, in addition to 

the usual Bhabha scattering, there must be electron-positron scattering in which 

there is constituent interchange between the electron’s and positron’s preonic com- 

ponents. These diagonal contact terms test the compositeness hypothesis in a direct 

and model independent way. The effective Lagrangian for electron weak doublet 
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Table 10: Limits of contact term from rare processes. The interaction type assumed 

for each rare proceee is shown along with the resulting limit on the compoeitenae 

scale A’. 

Procwa Contact Interaction 
Limit on A’ 

(TeV 

(9 - 21, m' z&e Fe4 
z 

.03 

(9 - 21r 

P-e-l 

mu 
-g jioaacc J’mo 

* 

4r 
p Ei7$1 - -Ts)c ?%a(1 - 7s)c 

* 
+ (P - e) 

.a6 

60 

j.4 + 3c 3 iW~(l-7s)e h.~(l-7s)e 400 
. 

pN+eN $ iWa(l - 7s)e &.i(l - -~s)d 460 
* 

XL + ei pF 3 h’$l - 7s)d W.i(l -x)/J 140 

K+ * r+ e- I+ 3 w;(l- 7s)u W.$l - 7S)M 210 

AM(KL-KS) 6,100 
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. 116 compoditeness is 

L .a = ~[~9LL(i+v(i7~~) + 9di7~l)(w7reR) 

$mt(za7~~~)(~a7r~a)l (6.11) 

where 1 is the left-handed (v,c) doublet. All of the terms in Eq. 6.11 are heiicity 

conserving in for m, < 6 < A.‘. The coefficients q are left arbitrary here since 

they are model dependent. 

For the left-handed components, a composite electron implies a composite neu- 

trino since they rue in,the same electrowcak doublet, but no such relation utists for 

the right-handed components. The interactions in Eq. 6.11 imply that there will 

be new term in addition to the Bhabha scattering and Z” -change graph in the 

croaa section for electron-positron scattering which in lowest order is given by: 

e+e- + e+c-) = $[4& + A,(1 + cos0)’ + A-(1 - COSB)‘] (6.12) 

where 

Ao = (;)‘[I + rif;;;tt + %I’ 
W‘ 

A, = ;I1 + ; + $ie y (’ + e) + &I 
* 

ill + ; + ,$;& (; + ;I + S312 

A- = R.L.s 
;I1 + - f9RL 

8. 51’ (6.13) 

and 

8,=s-rn~+im~TZ t, = t - rni + imrrz 

L, = - cos 28, R, = Zsin’ 0, (6.14) 

This formula is valid only for energies much below the compositeness scale A’. The 

presence of a compositeness term can be tested by comparing the cross section of 

Eq. 6.12 with the experimental data to give limits on the contact terms for various 

interaction types 7, whose explicit values depend on the particular composite model. 
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Table 11: Present limits on electron compositeness for e*c- colliders. The four 

Fermi couplings considered are all left-left (LL), right-right (RR), vector (W), 

and axial (AA). Both constructive (-1 and destructive (+) interference between 

the contact term and the standard terms are displayed. The experimental limits , 

ue from the MACL16, PLUTO”‘, MARK-J’“, JADE”‘, TASSO’lo, and BRSls1 

Collaborations and are in TeV. 

Yype Sign MAC PLUTO MARK-J JADE TASS0 BRS 

LL + 1.2 1.1 0.92 0.02 0.7 0.64 

LL - .76 0.95 1.45 1.94 0.51 

RR + 1.2 1.1 0.92 0.81 0.7 0.64 

RR. - .76 0.95 1.44 1.91 0.51 

W + 2.5 2.2 1.71 2.38 1.86 1.42 

w - 1.9 2.35 2.92 2.91 1.38 

AA + 1.3 2.0 2.25 2.22 1.95 0.81 

AA - 1.6 0.94 2.69 2.28 1.06 

In Figure 67 the deviation: 

‘- = 

~ld%.~u~~ 
~/dnl.wmd.,d model - ’ 

(6.15) 

is plotted for c+e- coUiiiona at 6 = 35 GeV. At Jj = 35 GeV the msximum 

deviation is approximately 4% for the left-left (nt~ = fl, ail other n’s= 0) or 

right-right (qm = 21, all other n’s= 0) couplings with A.’ = .75 TeV and for the 

vector-vector coupling (~)LL = qrca = nar, = il) with A’ = 1.7 TeV or for the 

axial-axial coupling (I)LL = nm = -r]n~ = rkl) with A’ = 1.4 TeV. The present 

limits obtained from various experiments at PEP and PETRA are shown in Table 

11. It is clear from these experimental limits that the electron is still a structureless 

particle on the scale of one TeV. 

At LEP energies (6 = 100 GeV) a deviation of about 6 % occurs for left-left 

or right-right couplings with A’ = 2 TeV, or vector-vector or axial-axial couplings 
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Figure 67: A,(cos e), in percent, at Jj = 35GeV. (a) The LL and RR models with 

A’ = 750 GeV. (b) The W model (solid lines) with A’ = 1700 GeV and the AA 

model (dashed lines) with A’ = 1400 GeV. The 5 signs refer to the overall sign of 

the contact term in each cue. 
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with A’ = 5 TeV. 

C. Signals for Compositeness in Hadron Collisions 

Searches for compositeness in hadron collisions will naturally concentrate on looking , 

for internal structure of the quarks. As in the case of a composite electron, if the 

quark is composite there will be M additional interaction between quarks which 

can be represented by a contact term at energy scales well below the compositeness 

scale. However, the reference cross section for elastic scattering of pointlike quarks, 

the QCD version of Bhabha scattering, hss both nonperturbative and perturbbtive 

corrections and is therefore not M accurately known as Bhabha scattering in QED. 

Futhermore the extraction of the elementary subprocesses in the environmemt of 

hadron- ha&on collisions involves knowledge of the quark and gluon distribution 

functions. Therefore larger deviations from QCD expectations will be required 

before a signal for compositeness can be trusted. 

The most general contact interactions which: 

l preserve SU(3) @ SLr(2) 8 U(l), 

l involve only the up and down quarks, and 

l are helicity conserving 

involve 10 independent terms. 

c .a = $[+'qLifi.^lrPL + flZ~L7'QL~R%"R 

f9~~~7PQL&YrdR +- R,ii&+L~R+R 

,,$d,q + ~W’URW,.WS 

A* 
+‘!TfiR-?~UR2R7,, 2 ht + ‘l5&37*UR~R7&R 

f $%RYPdR&rlrdR f ypLT’ +&^lr ra (6.16) 

This complicated form for the contact terms will not be considered in full generality 

herells. To understand the nature of the bounds on quark substructure which can 



-17Q- FER,MILAB-Pub-85/178-T 

be 5een in hadron collisions it is sufficient to take the simple example where only 

one of the 10 possible contact terms is considered. For this purpose only the left-left 

coupling contact terms will be considered: 

A5.a = y$YL7QLPr’lrqL (6.17) 

for both signs ILL = zkl of the interaction. 

A typical quark-antiquark elementary subprocess including a contact term due 

to quark compositeness is shown in Figure 68. 

Analytically the differential cross section (anti)quark-(anti)quark scattering is 

given by: 

$(i j - i’ i’) = a:;/Az-,(i j + i’ j’)l’ 

where 

lA(uii + uE)j* = 

= 

lA(uu + uu)1’ = 

= 

IA(uu -L da)I’ = 

= 

IA(ud + ud)I* = 

= 

iA(da + da)I* 

y; j2 + y - LL, 

8 'ILL ,Lz 
+-i a,A*z’ i 

+ ;I + ;'~I2 

IA(dd + dd)l’ = /A@ -t iz)j* = IA@ - a)l* 

4 f* + jr j2 .L j2 
;i i2 +-- 

2j2 

C’ zl 

+is[F t g] + $si’(~I~ + i2 c ii’) 

IA(da + ail’ 

,-i 4 qq + p& 

/A(ua + ui@* = IA(?id + ad)i’ = IA(ilii --t @I’ 

4 ii’+ jz 
ii 

rlLLC ,* 
iz I+[- a,A’2 ’ 

(6.18) 

(6.19) 

Note that the effects of the contact term grow linearly with j relative to the QCD 

terms in the amplitude for elastic scattering. There is no effect in lowest order 

on (anti)quark-gluon or gluon-gluon scattering. The inclusive jet production in’ 
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Figure 68: The Feynman diagrams contributing to the amplitude for the subprocess 

a - ifq in the presence of a contact interaction associated with quark compasite- 

ness. The first three diagrams sre simply the order Q, contribution from QCD and 

the last diagram represents the contribution from the contact interaction of Eq. 

6.17. 
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Fp collisions at J; = 1.0 TeV including the effect of a LL contact term in the 

(anti)quark-(ant,i)quark scattering amplitude is shown in Figure 69. 

The present measurements of inclusive single jet production at the SFpS collider 

bounds the possible value of A.’ associated with light quark compositeness. For the 

left-left coupling with ILL = -1 the effects of a contact term for various values 
of A’ are shown with the UA2 data’s in Figure 70. The analysis of the UA~ 

Collaboration’s shows that A’ 2 370 GeV is required to be consistent with their 

results. This limit is the best bound on light quark compositeness which presently 

exists. Hence the light quarks do not have any structure below a scale of 370 GeV. 

Since the contact term in the total cross section grows linearly with j while the 

standard terms fall off with increasing energy like l/j the contact will eventually 

dominate the cross section. This occurs when 

4 i=a,A , (6.20) 

Therefore the cuntact term dominates at an energy scale well below the composite- 

ness scale A’ itself. 

1. Quark-Lepton Contact Term 

In generalized Drell-Yan processes, a quark-antiquark initial state annihilates into 

a lepton pair via an intermediate virtual 7 or 2 O. Therefore composite effects can 

contribute only if both the quark and lepton are composite and they have some 

constituent in common. Whether these conditions are meet is more dependent on 

the particular composite model. 

A contact term associated with compositeness of the first generation which can 

contribute to Drell-Yan processes is of the general form: 

L *e = ~hL~L~PdL7r~L + ~LRwqLhWR 

+‘hU~R^I”JRIL-i,h + ‘IRdR”l’dRh,,l‘ 

frlRRU~R?‘UR~R-,,,eR + VRRD~R7PdR?R7reR 

(6.21) 
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Figure 69: The inclusive jet production cross section Gla/dp,dyj,,, in pp collisions 

at Js = 1.8 TeV including the effects of a contact interaction. The contact term 

wss the LL type with 7‘~ = -1 (solid line) and ILL = fl (dashed line). The values 

of A’ are .75 (top pair of lines), 1.0 (middle pair of lines), and 1.25 (bottom pair of 

lines) TeV. The standard QCD prediction using the distributions of Set 2 is denoted 

by the single solid line at the bottom. 
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Figure 70: Inclusive jet production cross sections from the UA2 Collaboration (as 

shown in Fig. 22) with the effects of a composite interaction shown for fi = 630 

GeV. The three solid lines (from top to bottom) represent the prediction for 

d*u/dp~dyl,=, for the left-left contact term with A’ = 300 GeV, 460 GeV, and 

infinity respectively. 
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where gt = (un, d‘) and IL = (VL, Ed). Again the nature of the bounds are illustrated 

by a simple case of a left-left coupling (VLL = *l and ail other n’s= 0). When the 

contact term is added to the standard 7 and Zc contributions to the Dre[l-Yan 
process we obtain”‘: 

o(ifq - ze) = g[A(i) + B(i)] 

where 

A(i) = 3[(5 i ,g?2$ + f 'ILL 
u a 

B(j) = 3[(: - szR&)z+ (5 - F$$ )z] 
v 

(6.22) 

(6.23) 

and L,,R.,and j, are given by Eq. 6.16. Of course the cross section would be 

similarly modified if the ti or r is composite and shares constituents with the light 

quarks. 

The effect on electron pair production in pp collisions at Jj = 1.8 TeV is shown 

in Figure 71 for various compositeness scales A’. The effect of the contact term is 
quite dramatic. Whereu the standard Dreil-Yan process drops very rapidly with 

increasing lepton pair mass above the Z” pole, the contact term causes the cross 

section to essentially flatten out at a rate dependent on the the value of A’. This 

is due to the combination of the elementary cross section which grows linearly 

with pair rnus and the rapidly dropping luminosity of quark-antiquark pairs as 

the subprocess energy increases. Hence the probability of observing a lepton pair 

with invariant mass significantly greater than the Z” mass becomes substantial. By 

this method contact scales up to approximately 1.0 TeV can be probed with an 

integrated hadron luminosity of 103’cm-z at this energy. 

2. Comporitenesr at the SSC 

The discover range for compositeness is greatly extended at a supercollider. For 

example in pp collisions at 6 = 40 TeV the effects of a left-left contact term 

in the inclusive jet production is shown in Figure 72 for compositeness scales of 

A’ = 10, 15, and 20 TeV. In pp collisions the effects of the interference between the 
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Figure 71: Cross section do/dMdyl,,o for dilepton production in pp collisions at 

6 = 1.8 TeV, according to the parton distributions of Set 2. The curves are labeled 

by the contact interaction scale A* (in TeV) for a LL interaction type with ~L.L = -1 

(solid lines). (The curves for ILL = fl are very similar to the corresponding 

ILL = -1 curve and therefore are not separately displayed.) The standard model 

prediction for the Drell-Ym cross section is denoted by a darhed lie. 
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Figure 72: Cross section &/dpldy(,,o for jet production in pp collisions at 4 = 40 

TeV, according to the parton distributions of Set 2. The curve are labeled by the 

compositeness scale A’ (in TeV) for a LL interaction type and ILL = -1 (solid tine) 

and ILL = fl (dashed line). The QCD prediction for the cross section is denoted 

by the bottom solid line. (From EHLQ). _ 
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Table 12: Compositeness scale A’ probed at various planned colliders. The left-left 
interaction type is assumed. The discovery limit is in TeV. 

Collider Subprocess tested 

fi (dtf e+e- - c+c- qq + qq 7Jq 4 c+e- 

(TeV) (cm)-’ A’ A’ A’ 

HERA (ep) .314 10’9 - - 3 

LEP I (or SLC) (c’e-) .lO 103s 3.5 - - 

LEP II (e’c-) .20 103s 7 - - 

SPPS (IJP) .63 3 x 103’ - 30 1.1 

TEVI (FP) 2.0 loss - 1.5 2.5 

ssc (PP) 40 10’0 - 17 25 

usual QCD processes and the composite interaction are significantly larger than for 

pp collisions BS can be seen by comparing Fig. 72 and Fig. 68. 

The effects of a left-left contact term contributing to the Drell-Yan processes for 

pp collisions at fi = 40 TeV is shown in Figure 73. 

D. Summary of Discovery Limits 

The discovery limits from contact terms associated with quark and/or lepton sub- 

structure is given in Table 12. The same discovery criteria were used for present 

hadron colliders as for the supercollider which are detailed in EHLQ. The discovery 

criteria LEP and HERA are found in Ref.122. Compositeness scales (for the Gsst 

generation of quarks and leptons) u high as 20-25 TeV can be probed at an SSC. 

E. Crossing the Compositeness Threshold 

Finally it is interesting to consider what signals will be seen in hadron colliders lls the 

compositeness scale A’ is crossed. As the subprocess energy becomes comparable 

to the compositeness scale not only the lowest mass composite states (the usual 
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Figure 73: Cross section du/dMdyj,,o for dilepton production in pp collisions at 

J3 = 40 TeV, according to the parton distributions of Set 2. The cwa are labeled 

by the contact interaction scale A’ (in TeV) for a LL interaction type with VLL = -1 

(solid lines) and ILL = +l (dashed lines). (From ERLQ) 
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Table 13: Expected discovery limits for fermions in exotic color representations at 

present and planned colliders. It is assumed that 100 produced events are sufficient 

for discovery. 

Mass limit (Gev/cl) 
Collider \/s Jdtf Color Representation 

(TeV) (cm)-’ 3’ 6 g 

SlJPS PP .63 3 x 10” 65 85 88 

upgrade 3 x 10” 90 110 115 

TEVI fsp 1.8 103’ 135 200 205 

upgrade 2 103s 220 285 290 

ssc pp 40 IO” 1,250 2,000 2,050 

1039 1,!900 2,750 2,800 

10’0 2,700 3,700 3,750 

quarks and lepton) can be produced but also excited quarks and leptons. These 

excited quarks could be in color representations other that the standard triplets. 

The masses of the lightest excited quarks would naively be expected to be of the 

same order as A’. It is of course possible that some might be considerably lighter. In 

this hope the cross sections for pair production of excited quarks in pp at fi = 1.8 

TeV are shown in Figure 74 for color representations 3’, 6, and 13. 

The discover limita for fermions in exotic color representations st various collid- 

ers cue given in Table 13. 

What happens to the if4 total cross section ? The behaviour of this total cross 

section hes been studied recently by Bars and Hinchliffelz’. At energies at and 

above the compositeness scale this cross section would have the same general be- 

hsviour bs the pp total cross section at and above 1 GeV. Using this rough analog, 

we would expect a resonance dominated region at energy scales a few times the 

compositeness scale snd then at much higher energies the total cross section should 

rise slowly. However most of this cross section is within an angle of approximately 

arcsin(2A’/fi) to the beam directions. At energies 6 > A’, the large angle scat- 
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Figure 74: Total cross sections for production of excited quarks in m collisions at 

6 = 1.8 TeV m a function of their mass. Color representations 3‘. 8, and 6 are 

denoted by solid, dashed, and dotted lines respectively. The parton distributions of 

Set 2 WM used. 
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tering will u& exhibit the l/i behaviour expected for preon scattering via single 

metacolor gluon exchange. 

The beheviour of the qq subprocess hsr to be combined with the appropriate 

puton distribution functions to obtain the physical cross sections in hadron-he&on 

collisions. The resulting inclusive jet cross section for pp collieions st ,/% = 40 Tev 

is shown in Figure 75 for a particular model of Bars and Hinchliffe”s with various 

compositeness scales. These models exhibit the general behaviour discussed above. 

Quark-antiquark scattering is mainly inelastic at subprticess energies above the 

compositeness scale. Thus the two jet final state will be supplanted aa the dominate 

final state by multijets events (possibly with accompanying lepton pairs). This will 

provide unmistakable evidence that the composite threshold has been crossed. 
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Figure 75: The differential cross section do/dp,dyj,,o in pp collisions et c/j = 40 

TeV for a model of composite interactioru at end above the scale of compositeness. 

In this model proposed by Barr end Hiichliffe I13 there is a resonance in quark-quark 
scattering due to the composite interactions. The expected cross section is shown 

for various valua of the raonaace mass: A& = 3, 6, 10, and 30 TeV. For other 

details on the model and the parameter yslues used in these curves see Ref.123 ( 

Fig.7) 
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VII. SUPERSYMMETRY ? 

One set of symmetries normally encountered in elementary particle physics ere 

the space-time symmetries of the Poincare group: 

. p’ - the momentum operator - the generator of translations. 

. MN” - the Lorentz operators - the generators of rotations and boosts. 

These symmetries classify the elementary particles by mMs and spin. 

The other symmetria ususlly encountered are internal symmetria such as color, 

electric charge, isospin, etc. For each non-Abel&r internal symmetry there is s set 

of charges {Q.} which form e Lie Algebra: 

- W., Q&I = LA?, (7.1) 

under which the Hamiltonian is invariant: 

- W., H] = 0 (7.3) 

If these symmetries are not spontaneously broken the physical states form repre- 

sentations under the usociated Lie group, 4. 

Because the charges are associated with internal symmetries they commute with 

the generators of space-time symmetries 

-i[Q.,P] = 0 

-i[Q.,M”] = 0. (7.3) 

We hsve slregdy seen that such symmetries plsy a central role in the physics of the 

stsndard model. The internal symmetria SV(3) @ SU(2)& @ U(l)r determine all 

the basic gauge interactions. GlobeI symmetria such ss fermion number and flavor 

symmetries sko play sn importent role. 

Supersymmetry is 6 generalization of the usual internal and space-time symme- 

tries sharing aspects of both. Formally the concept of (L Lie algebra is generalized 

to 6 structure called s graded Lie algebra*z4 which is defined by both commutitors 
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and anticommutators. A systematic development of the formal aspects of super. 

symmetry is outside the scope of thue lectures but CM be found in Wess and 

Bagger”‘. 

The simple& example of a global supersymmetry is N = 1 supersymmetry which 

has a single generator Q, which transforms M spin f under the Lorentz group: 

-ilQ,,P’] = 0 

-+2,,MW] = (o”Q). (7.4) 

where uw are the Pauli matrices. Finally the generator P and the Hermitian 

conjugate generator p must have the following mticommutation relations: 

{Q,,Q#) = 0 

{x2.2&} = 0 

{P&l} = ‘%Ja#~’ 

These are the relations for N = 1 global aupersymmetry. The generator Q is L spin 

4 fermionic charge. If this is a aymmetry of the Hamiltonian, then 

- i[P., HI = 0 (7.8) 

and assuming this symmetry is realized algebraically the physical states of the 

system can be classikd by these charges. Since the supercharge has spin i, states 

differing by one-half unit of spin will belong to the same multiplet. Thii fermion- 

boson connection will allow a solution to the naturalness problem of the standard 

model (discussed in Section 4). 

A. Minimal N = 1 Supersymmettic Model 

The minimal supersymmetric generalization of the standard model is to extend the 

standard model to include a N = 1 supersymmetry. The supercharge P acts on an 

ordinary particle state to generate its superpartner. For a msssless particle with 

helicity h (i.e. transforming as the (0,h) representation of the Lorentz group) the 

action of the charge Q produces a superpartner degenerate in mass with helicity 
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h- f (i.e. trmaforming aa (O,h - f). Applying the supercharge again vanishes 

since the mticommutator of the supercharge with itselfis zero (Eq. 7.5). Hence the 

supermultiplets are doublets with the two particles differing by one-half unit of spin. 
The number of fermion states (counted M degrees of freedom) is identical with the 

number of boeon states. For massless spin 1 gauge bosons these superpartners we 

massless spin ) particles called gauginos ( gluino, wino, zino, and photino for the 

gluon, W, 2, and photon respectively). For spin f fermions these superpartners are 
spin 0. If the fermion is massive the superpartner will be A aealar particle with the 

same mass M the associated fermion. The superpartners of quarks and leptom are 

denoted scalar quarks (squarks) and scalar leptons (sleptons). The superpartnen 

of the Higgs rcahm of the standard .model are spin i fermions called Higgsinos. 

Since the supercharge commutes with every ordinary internal symmetry Q. 

- i[P., 9.1 = 0 . (7.7) 

all the usual internal quantum numbers of the superparticle will be identical to those 

of its ordinary particle partner. In nearly all supersymmetric theories, the super- 

partners carry a new fermionic quantum number R which is exactly conserved’*‘. 

All the ordinary particles and theii superpartners are shown in Table 14. 

No superpartner of the ordinary particles has yet been observed, thus supersym- 

metry must be broken. Thii scale of supersymmetry breaking is denoted: 

L. (7.8) 

Even in the presence of supersymmetry breaking it is normally possible to retain a 

R quantum number for ruperqsrtners which is absolutely conserved’*‘. This means 

that the lightest auperpartner will be absolutely stable. Sf the supersymmetry is 

spontaneously broken there is an additional massless fermion the Goldstino G, which 

is the analogy of the Goldstone boson in the case of spontaneous breaking of sn 

internal symmetry. In more complete models with local supersymmetry, such as 

supergravity, there is a superHiggs mechanism in which the Goldstino becomes the 

longitudinal component of a massive apin f particle - the gravitir#*. Hence the 

existence of the Goldstino IU a mwsiess physical is dependent of the way global N = 

1 supersymmetry is incorporated into a more complete theory and the mechanism 

of supersymmetry breaking. 
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Table 14: Fundamental Fielde of the Miniid Supersymmetric Exteneion of the 

Standud Model 

Particle Spin Color Charge 

gluon g 1 8 0 

gluino ii l/2 8 0 

photon 1 1 0 0 

photino 4 112 0 0 

intermediate boeons W’, 20 1 0 *1,0 

wino, zino bvf, 20 l/2 0 *1,0 

quark Q l/2 3 213, -l/3 

squark i 0 3 213, -l/3 

electron c l/2 0 -1 

aelectron z 0 0 -1 

neutrino Y l/2 0 0 

sneutrino c 0 0 0 

Higgs boeone 0 0 f1,O 

-+ -a 
Higgslnos $0 ;- l/2 0 *1,0 



The gauge mteractions of the ordinary particles and the invariance of the a~- 

tion m& ~upuryrnmetric transformations completely determine the interactiom 

offermiona, gauge bosons, squsrks, slePton& and gauginos among themselves. The 
detaib of the Lagrangian can be found in, for utample, Dawson, Eichten, and 

QuiggIzs (hereafter denoted DEQ). 

On the other hand, the muses of the superpartners associated with supenym- 

metry breaking and the interactions of the Higgs scalars and Higgsinos afe not 

similarly specified. 

The Higgs sector of the minimum 

model requires two scalar doublets: 

and their Higgsino superpartners: 

supersymmetric extension of the standard 

R’O 
( 1 a- 

$0 

( ) k 

(7.9) 

(7.10) 

Two Higgs doublets are required because the Higgsinos associated with the usual 

Higgr doublet have nonzero weak hypercharge Qr and therefore contribute to the 

Cr(l)v and (U(l),]” anomalies; to recover a consistent gauge theory another fermion 

doublet must be introduced with the oppoaite Qr charge. 

One complication introduced when rupersymmetry breaking is included is that 

color neutral gauginor and Higgsinos can be mix. So in general the true mass 

eigenstates will be lmesr combinations of the original states. For the charged sector 

the wino (G*) and charged Higgsino (fi*) can mix. For the neutral sector the zino 

(i”), photino (q), and the two neutral Higgainos (a”, ri’O) can mix. The effects of 

these mixings will not be discussed further here”O. 

The usual Yukawa couplings between Higgs scalars and quarks or leptons gener- 

alize in the supersymmetric theory to include Higgs-squark and Higgs-slepton cou- 

plings, M well IW Higgsinequark-squark and Higgsine lepton-alepton trmitions. 

Just M there is A Kobayshi-Markawamatrix which mixes quark flavors and intro 

duces a CP-violating phase, so too, will there be mixing matrices in the quark-squark 

and squawk-squark interactions. There may also be mixing in the lepton-slepton 

and slepton-slepton interactions. These mixings have some constraints which arise 
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from the experimental restrictions on flavor-changing neutral currents. For a pas- 

sible Super-GM mechanism to avoid these constraints see Baulieu, Kaplan, and 

Fayct”‘. 

The actual masses and mixings =e extremely model dependent. Again for sim- 

plicity it will be assumed in the phenomenological analysis presented here that: 

a There is no mixing outsida the quark-quark sector 

l The massa of the superpartners will be treated a~ free parameters. 

It is straightforward to see that the supersymmetric extension of the atandatd 

model can satisfy ‘t Hooft’r naturalness condition. The mass of each Higgs scalar 

is equal by supersymmetry to the masn of the associated Higgsino for which a 

small mass can be associated with an approximate chiial symmetry. De&zing the 

parameter ( to be the mua of the Higgs SCAIU over the energy acale of the effective 

Lagrengian, the limit ( -+ 0 is usoeiated with ‘a chiral symmetry if supersymmetry 

is unbroken. Hence the scale of supersymmetry breaking Au must be not be much 

greater than the electroweak scale if supersymmetry is to solve the naturalness 

problem of the standard model. Therefore the masses of superpartners should be 

accessible to the present or planned hadron collider. 

Since the masses of superpartners are not tightly constrained by theory we begin 

by investigating the experimental constraints on their masses. 

B. Present Bounds on Superpartners 

The present bounds on superpartners are discussed in DEQ and in the review 

by Haber and Kane’“. I will give A short summary of the situation. Limits on 

supupartner masses arise from A large variety of sources including: 

l Searches for direct production in hadron and lepton colliders as well as in 

&red target experiments. 

l Limits ue rare processes such M Savor changing neutral currents induced by 

the effects of virtual superpartners. 

a Effects of virtual superpartners on the parameters of the standard model. 



-lQO- FERMILAEPub-85/178-T 

l Cosmological bounds on the abundsnce of superpartners. 

Before beginning to diicuss some of these limits one point must be stressed. I,, 

the absence of a specific model d1 the superputner Moses and even the scale of 

supersymmetry breakiig must be taking M free parameters. This greatly compli- 

cata the aadysir of limits and weakens the redtr. In general each lit depends 

not only on the mass of the superpartner in question but also on: 

l The rate for the reaction involved; and therefore the mmses of other super- 

partners (which rue enter u virtual states in the process) and the sesle of 

supersymmetry breaking. 

l The decay chain of the superpartner. Which decays are kinematically allowed 

again depends on the manses of other ruperpartners. 

This interdependence of the mesa limits makes it diWcult to reduce the results to a 

single mssa limit for each superpartner. 

1. Photino Limits 

The simplest models of supersymmetry breaking have a color snd charge neutral 

fermion (the photino) as the lightest superpartner. Three CMU CM be distinguished: 

l The photino is the lightest superpartner and m+ < 1 MeV/c*. 

l The photino is the lightest auperprutner and rnt > 1 MeV/c’. 

l The photino decays into a photon and a Goldstino. 

In the 6rst cue the photinos are stable spin f fermions. An upper bound on 

the photino mass arises by demanding the the density of photinos in the present 

universe is less than the closure density? 

p+ = lOQ~rn-~rn~ < ~c,iticd = (3.2 - 10.3) x 103eV/czcm-3 (7.11) 

which implies that 

lnq < lOO(eV/c’) (7.12) 
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If the photmo is the lightest superpartner and heavier than 1 hfeV/c’ Goldberg 

hm p&ted out that photino pairs can decay into ordinary fermion pairs by the 
virtual -change of the sssociated sfermion. The annihilation rate is dependent on 

the photino and sfermion masses. By integrating the rate equation numerically over 

the history of the universe, the present photino number density CM be utimatedrs4. 
’ This leads to a rfermion mass dependent upper bound on the photino msss. 

The resulting limits on a the mass of L stable photino are summarized in Fig- 

ure76. 

The photino may decay by: 

i-7+3 (7.13) 

if a massless Goldstino 6 exists. One constraint in thii cue is that the photons 

produced in photino decays must have thermaiized with the cosmic microwave 

backgroundt3*. This requires thst the photino lifetime (25) is less than 1000 reconds. 

slncc 

‘? x&i 
4 

(7.14) 

the limit on photino msss becomes 

mt > 1.75MeV/c’( *a. )r/s 
lTcv/cl 

The constraints from laboratory experiments on the photino msss are obtained 

from: 

l The axion sesrches”s: 

q + 7 + unobserved neutrals (7.16) 

cmr be reinterpreted M photino searches. 

l Limits on ‘3 + unobserved neutrals imply that the scale of supersymmetry 

breaking A.. 1 10 GeVr3’. A stronger limit”s, A,, 2 50 GeV, can be inferred 

from constraints on emission of photinos from white dwarf or red giant stars 

if the Goldstino or gravitino mlus is lesr than 10 keV/c*. 
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Figure 76: Cosmological limits of the allowed photino mas aa a function of the msss 

of the lightest SCbhr partner of a fermion. This rault s.uuma that the photino is 

stable end is the lightest supersymmetric particle. (From DEQ) 
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l Limits on e+c- production of photons plus missing energy from CELLOU~ 

imply limits on the processes: 

c+e- - i+i-7+7+j+.$ 

e+e- - 7ii (7.17) . 

The resulting limits on the m-63 of an unstbble photino are given in Figure 77. 

2. Gluino Limits 

The gluino is the spin i partner of the gluon. It is a color octet and charge zero 

particle. Again for the gluino there are three decay alternatives: 

l The gluino is stable or long-lived. 

l The gluino decays into photino and 6 quark-antiquark pair. 

l The gluino decays into 6 gluon and t, Goldstino. 

If the gluino is long-lived (3 2 lo-’ set) then it would be bound into a long- 

lived R-hadron (so called because of the R quantum number of gluinos). Thus 

stable particle searches can be used to put l&its on the mass of such R-hsdrons. 

For charged hadrons these liits are”“: 

l.SGcV/c’ 5 mn 5 QGeV/c' (7.18). 

if ra 1 10-s sec. While for neutral hadrons the limits are”‘: 

(7.19) 

if rt I IO-’ sec. It seema that gluinos with ma <- l.JGeV/c’ snd ra 2 10-I set 

could have escaped detection. 

In the second decay scenario the decay chain is: 

(7.20) 
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F 

Figure 77: Limits on the allowed photino m-8 aa a function of the supersymmetry 

breaking scale Au. This figure usumes that the photino decays to a photon and 

a massless Goldstino. The various limita from \y decay, the search for the proms 

e+e- + ii + y-y35 by the CELLO Collaboration, and blackbody radiation are 

discussed in the text. (From DEQ) 
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; ad therefore the decay rate is sensitive to the squark mass. For mi = 0 the 

lifetime is: 

r(i - @i) = 
48xmi 

a,uEk4e:rnj ’ (7.21) 

There ue atringent bounds on the mass and lifetime of the gluino from bea dump , 

experiments both the E-613 experiment at Fermilsb”’ and the CHARM Collabora- 

tion at CERNld3. The limits on gluino mess M a function of lifetime (or alternatively 

squark meas) are summarized in Figure 78 for the resumption that the reeulting 

photino is stable. Note that for squark m=su in the range 200-1,000 G&/c’ there 

ie no lit on gluino mass for this decay scenario. The poesibility that the photino 

is mtbbh to decby into photon and Gold&no requiree a somewhat more compli- 

cated MblySiS. In that case the lit from E-613 beam dump experiments con&rain 

the relation between the gluino mass, the supersymmetry breaking scale, and the 

photino mesa. Details of theee constraints GUI be found in DEQ. 

The Rnal possibility ie that the gluino can decay into a gluon and 6 Goldstino. 

The lifetime of the gluino is given by 

r(i + g + G, = 8*C _ 7 - 1.65 x 10-‘3sec( A” lGeV/cz s 

9 
I’( lCeV/cz ml 1 (7.22) 

Again beam dump experiments constrain the relationship between ma and A,,. The 

resulting limits are shown in Figure 79. 

In oil scenarios for gluino decay it is possible to End ranges of parameters for 

which light (a few GeV/cJ) gluinoe are allowed by experiment. This corresponds to 

b gap in experimental technique for lifetimes between lo-” and lo-‘* set in hbdron 

initiated acperiments. 

3. Squark Limitr 

A squatk is b spin zero color triplet particle with the flbvor and charge of the 

aasocibted quark. There are four souxea of lita on squbrk m~sea. 

l Free quark searches. The MAC Collaboration at PEP“’ Rnd a limit for e+e- 

production of fractionally charged long-lived (r > 10-O set) particles which 

corresponds to a lower bound on the maes of any squawk of 14 GeV/cl. 
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Figure 78: Limits on the gluino msJs IM a function of the lightest squerk mu. The 

gluino is assumed to decay to 6 qq pair and a messless photino. The limits M from 

beam-dump urperiments end stable particle searches (u dixussed in the text. The 

corresponding gluino lifetimes are also shown. (From DEQ) 
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Figure 79: Lita on the gluino m=s m a function of the supersymmetry breaking 

scale A,,. The limits UC born the Fermilab beam-dump experiment”’ end the stable 

particle searches140J41 and a.ssume that the gluino decays to a gluon and a massla~ 
Goldstino. The corresponding gluino lifetima ere also shown. (From DEQ) 
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l Stable hadron searches. Stable hadron searches in hadron initiated reactions 

exclude a charged squark bearing hadron with m-s in the range: 

LSCeV/c < rn( s 7CcVlca (7.23) 

for lifetimes r 2 5 X 10e8 seconds140. The JADE Collaboration at PETRA 

looked for 
e+e- + ii (7.24) 

in both charged and neutral hnal state hadrons. Their exclude long-hved 

squarka in the range”l: 

2.5GeV/ca I rng 5 15.0GeV/cz for leol = 2/3 

2.5GcV/ca I mg I lJ.SCeV/e’ for IctI = l/3 (7.25) 

l Narrow resonance selvches in c*e- collisions. Squark-antisquark bound states 

could be produced M narrow resonancea in e+e- coiliaions. The production 

rates have been estimated by Nappi”‘ who concludes that leti = 2/3 squarks 

with masses below 3 GeV/c* can be ruled out. No limits exist from this 

process for led1 = l/3 squarks. 

l Heavy Lepton searches. If a #quark decays to a quark and a (assumed mass- 

less) photino the decay signature in c+c- collisions is similar to that for a 

heavy lepton decay - two acoplanar jets and missing energy. The JADE 

Collaboration” haa excluded squarks with this decay pattern for: 

3.lCeV/e~ 5 rng 5 17.6GeVlc’ for legI = 213 

7.4GeVle’ 5 rnf 5 l&OCeV/c’ for let/ = l/3 

Summarizing these limits: 

1 Stable squarks must have mMseS exceeding % 14 GeV/c’. 

2 If the photino is nearly massius, unstable let/ = 2/3 squarks are ruled out 

for masses 5 17.8 GeV/c2; while for leql = l/3 squarks a window exists for 

muses below 7.4GeV/cz, otherwise their mass must exceed 16 GeV/c2. 
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3 If the photino ie massive all that CM be raid is that rnd 2 3 GeV/$ if the 

lifetime ir lea than 5 x lo-’ aec and [et/ = 2/3. 

4. Lidtr on Other Superpartnerm 

The limits on the wine, zino, and sleptoN come from limits on production in e+e- 

collisions. The wino is a spin l/2 color singlet particle with unit charge. If the 

photino ia light the wino can decay via: 

(7.26) 

and hence the heavy lepton searches will be sensitive to a wino M well. The Ma& 

J Collaboration at PETRA have set the limit149: 

rn* ~2SGeV/c’ 

. For the zino, the JADE collaboration obtains the bound149 

mt 2 QlGeV/c’ 

assuming a mlusless photino and rn# = 22 GeV/c’. 

For the charged sleptona the limita are”O: 

ma 2 SlGeV/c’ 

assuming rn+ = 0 ; and? 

mg 1 l&QGeV/c’ 

rnr 1 15.3CeVje’. 

(7.27) 

(7.28) 

(7.29) 

(7.30) 

C. Discovering Superaymmetry In Hadron Colliders 

All the loweet order (Born diagrams) croee sections &/dt and 5 have been calculated 

in DEQ for 

(7.31) 
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&al state in parton-parton colliiions; including the mixing in the neutral (+,:a, ,$J, $0) 

and chuged (G*, &*) fermion sector% M~UY Of these processes have also been stud- 

ied by others IU well: see DEQ for complete references. 

The overall production rate for pair production of superpartnere is determined 

by the strength of the basic process. These relative ratw for the various final ,tAtes , 

are: 

Final State Production Mechanism Strength 

(iPa’ QCD 4 
(GIG) x (+,i,i;ro,ii’o) QCD-Electroweak Q#QCW 

ifi,ik,w decaya of red (or virtual) W* and Z” saw (~~~1) 
(5 io & $0 &* +)a . . . 1. Electroweak arw ’ 

We will consider each of these procwrw in turn beginning with the largut rates: 

squark and gluino production. 

The lowest order procusu for gluino and squark’production are shown in Figure 

80. The underlined graphs in Figure 80 depend only on the mawu of the produced 

superpartner and are therefore independent of 611 other supersymmetry breaking 

parameters. Hence hadron colliders allow clean limits (or discovery) on the masses of 

gluinoe and squarks. The crma sections for gluino production are large, since gluinos 

are produced by the strong interactions. The total cross section for gluino pairs in 

pp coiliiions ia ahown in Figure 81 M a function of gluino m=s at fi = 630, 1.8, 

and 2 TeV. The aquark maeoea were all taken to be 1 TeV/c’ 90 there would be not 

significant contribution from diagrams involving squark intermediate stat-. The 

typical effects of the diagrama with squark intermediate states is also illustrated in 

Fig. 81 by including the croar.section for gluino pair production for fi = 630 GeV 

with rnf = ml. Becmise of the dominance of gluon initial states, the dependence 

of the gluino pair production cross section on the squark mass is small except at 

the highest & . In any case, the cross section excluding the contribution from 

intermediate squarks giva lower bound on the gluino production for a given mass 

gluino (ma). 

Typically the supersymmetry breaking leads to gluinos not much hesvier than 

the lightest squark. In the case that the up squark mass (assuming rn& = mi) equals 
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Figure 80: Feynman diagrams for the low& order production of (A) gluino pairs, 

(b) gluino in association with A up equeuk, a.nd (c) up squawk-antisquark pair. 
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Figure 81: Total crow section for gluino pair production in pp collisiona a, A function 

of gluino mass. The rates for squark mass ml = 1 TeY/c’ are shown for fi = 630 

GeV (lower solid line), 1.8 TeV (middle solid line), and 2.0 TeV (upper solid line); 

as well hs for rn4 = rnj at Jj = 630 GeV (dashed line). The rapidity of each of the 

gluinos is restricted to lyil 5 1.5. 
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the gluino mssa the total cross section for the reaction 

pp + ir f i’ + anything (7.32) 

where +’ = ir,& ti’, or 2, is shown in Figure 82 ss A function of the up rquark 

mass for ,/Z= 630, 1.8, and 2.0 TeV. This CM be compared for c/3 = 630 GeV ’ 
to the cross section for up squsrk production with mt = 1 TeV M shown m Pig. 

82. Clearly for aquark production the total cross actions depend more strongly on 

other superpartner’s (specifically the gluino’s ) mua. 

For gluino and squsrk masses approximately equal there is also a comparable 

contribution from squark-gluino associated production. For example, for ms = 

mt = 50 CeV/c’ the cross section for sssociated production in approximate 7 nano- 

barna at \/s = 2 TeV. 

The detection signatures for gluino and squarks are similar but model and mass . 

dependent. Here 1 wilLconsider only the usual scenario in which the lightest su- 

perparticle is the photino: Other possibilities exist, for example if the Gohistino is 

massless then the photino cm decay: 

q-$+7. (7.33) 

In another possible model the lightest superpartner is the the sneutrino. For A dis- 

cussion of these alternatives see for example Raber snd Kane13r and Dawsonrss. The 

basic signature of squark or gluino production is some number of jets accompanied 

by sizable missing energy. The decay chains for the squark and gluino are: 

ifmj<msaud: 

4 -) jl+q 

G- q+il+f (7.34) 

ii - 4+? 

t - q+5 (7.35) 

if rn4 < ma. The number of jets which~.are experimentally distinguishable depends 

on the masses of the superpartners and the energy of the hadron collisions in A 
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Figure 82: Total crotw section for up squark production in pp collisions w a hnction 

of up squawk mass. The rata for gluino mbu equal op squark may ma = ma are 

shown for J; = 630 GeV (bottom solid line), 1.8 TcV (middle solid line), and 2.0 

TeV (top solid line); as well as for rni = 1 TeV/c’ at 6 = 630 GeV (dashed line). 

The rapidity of the up squark (and the associated sqaark) is ratricti to /RI < 1.5 
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compiicsted experiment dependent ~*Y~‘~~‘~‘~‘~‘. Clearly there are backgrounds 

from ordinary QCD jets which can have missing transverse energy for a variety of 
. . 

reuons (weak decays of a heavy quark m the Jet, energy meuurement in&ciencies, 
dead spots in the detector, etc.). Even though each decay chain above lea& to M 

event with at least two final state quarks or gluons, the experimental requirements 
for a jet imply that a number of these events will appear to have only one jet _ a ’ 

monojet eventLs5. 

The backgrounds for detection of squarks and gluinoa in the present colliders 

are: 

l One rnonojet’ background is the production of W* which then decays by the 

chain: 
W” - VT 

L hadrons + v 
(7.36) 

There rue of course distinguishing festur’es of these background events. The 

missing transverse energy ET of the background events will be 5 30 GeV 

since the primKy W’ is produced nearly at rest while for squark or gluino 

production the missing energy is not bounded in the same way. Also the 

multiplicity of charged tracks from the r decay will be low (usually only 1 or 3) 

while from squark or gluino production the multiplicity should be comparable 

to a ordinary QCD jet of similar energy. These differences are helpful in the 

‘analysis of the monojet events. 

l Another monojet background is the associated production: 

PP - o( or 4M” 

L uli 
(7.37) 

. The rate of these background events are remonsbly low when minimum 

missing Er cuts are imposed’ss. Also b ecause the tInal state in squark or 

gluino production has more than one quark or gluon, monojet events arising 

from supersymmetric particle production typically will not be as “clean” (no 

significant addition energy deposition) M the monojet events from associated 

2’ production events. If the charged lepton is undetected or misidentified, 

associated W* production and leptonic decay can also mimic monojet events. 
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. Them& background to.multijet events with missing ET is heavy quark we& 

decays inside jets. For example the decay of a b quark in one jet: 

b-+c+v+l (7.33) 

CM produce huge missing Er in a two jet event. This background cm be , 

reduced if methods are found to identify charged leptons in a jet”‘. 

There hes been a great deal of recent work on reducing these backgrounds to the 

detection of superpartnersl”~“‘*“‘. M Y es guess is that 1000 produced events b t 

will be required to obtain a clear signal for either a gluino or squark in the collider 

environment. 

It also seepu likely that experiments at the SppS and TeV I Collidera can be 

designed to cloee any gaps in present limite for light gluinoa (ml = 1 - 3 GeV/$) 

and charge -l/3 squarks (mg 5 7.4 GeV/ez), but careful study of thii possibility 

will be required. 

The other superpartners CM be produced in hadron collisions in the following 

ways: 

. The photino, wino, and zino CM be produced in association with a squeak or 

glulno. 

. The photino, wino, zino, slepton, and sneutrino CM be produced in the decays 

of W* or Z” boeona if kinematically allowed. 

For present collider enugies no other production mechanisms are significant. 

The photino is generally tisumed to be the lightest superpartner. The major 

mechanism for producing photinos in hadron-hsdron collisions is the associated 

production processes: 

py+;+j+anything (7.39) 

and 

pp + ij + 7 + anything (7.40) 

These production mechanisms are shown in Figure 53. 
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Fiyre 83: Lowest order diagrams fo; auociated production of photino and (a) 

gluino or (b) squawk. 
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The totd cross section for production of i + 7 in pp collisions as 6 function of 

the squmk -e where the pliotino m=s is essumed to be zero is given in Figure 84 

for 6 = .63, 1.8, and 2 TeV. These production cross sections are smaller than the 

squark pair production cross sections in Fig. 82 by roughly a~w/a. but this reaction 

produces a clear signature: 6 jet (if ma < ml) or three jets (if rn( > ma) on one side 1 

of the detector and no jet on the other; hence the missing transverse energy will be 

large. For the one jet case there is the 2’ plus jet background dicuased previously, 

but the rate and characteristic of these events we well understood theoretically md 

hence relatively small deviations from expectations would be significant. For the 

production of i + 5 the same comments apply. Because of the striking signature of 

these events 100 produced events should be sufficient for diicovery of the photino 

(and associated gluino or squark) through this mechanism. 

The bounda on the wino and zino masses rue not model independent but these 

gauginos are likely heavier than 40 GeV/c’. The total cross sections for associated 

production of 6 massive wino or zino with (L squruk or gluino are quite small. For 

ma = m, = rnt = rni = 50 GeV/c’: 

Process Total Cross Section (nb) Total Cross Section (nb) 

,h = 030 GeV 4 = 2 TeV 

cl’ + i 5 x 10-S 5 x 10-1 

50 + ir 3 x 10-J 2 x 10-s 

It should be remembered that these electrowed gauginos are in general mixed with 

the Higgsinos. The physical meas eigenststes are linear combinations of the gauginos 

and associated Higgsinas. Thin mixing also effects the production cross sections. 

For example, for some mixing parameters, the total cross section for production of 

iir* + G is rp eollisionn pt fi =. 2 TeV ie 1.5 x 10-l approximately three times larger 

than the unmixed ceee above’zs. 

Assuming a light photino, the wine and zino decay into quark-antiquark photino 

or lepton pair and photino. Since the decays into quark final states have the same 

characteristics BS gluino decay with l/IO0 the signal, observation of winos or zinos 

in their hadronic decays is hopeless. For the leptonic decays, the leptons will be 

hard to detect ea their energies will typically be rather low and the background rates 

high from heavy quark decays. Therefore it is likely that at least 1000 produced 

events will be required to observe either the wino or zino. 
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Figure 84: TOW croee section for associated production in up colliions of a photino 

and light quark (up or down ) M a function of the photino mass (emming 

m+ = rno = mi). The rstee are shown for fi = 630 GeV (lower solid line), 1.8 TeV 

(upper solid line), and 2 TeV (dashed line). The rapidity of both the photino and 

the quark is restricted to lyil 5 1.5. The pstton distributions of Set 2 were used. 
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Table 15: Expected discovery limits for superpartners at SppS and Tevatron CoIlid- 

ers, based on associated production of SC~U quarks and gauginos. All superpartner 

medecJ are set equal. 

Mesa limit (Gev/c’) 

Superpartner fi = 630 GeV fi=ZTeV 

J&f (cm)-’ 
loss 10s’ l0.w lou lot’ lay 

Gluino or squark 45 60 75 55 130 165 
(1000 events) 

Photino 35 60 90 45 90 160 
(100 eventa) 

ZillO 
(1000 events) 

Win0 
(1000 events) 

17 30 50 22 50 95 

20 35 55 32 60 110 

The discovery limits for gauginos produced in associated production are sum- 

marized in Table 15 for present collider energies. 

The other mechanism for superpartner production at present colliders is via 

the decay of red W* and Z” bosons. If rn* + rn+ < mw or rnc + ms < mw or 

2me < ms winoe will be a product of W or 2 decays. Ignoring any phase space 

suppression the branching ratio for W * ri, + 7 is a few percent. At J3 = 2 TeV 

a one percent branching ratio corresponds to a total cross section of .22 (nb) or 

equivalently to 2 x 10’ events for an integrated luminosity of 105*cm-*. Comparing 

these rates to the discovery limits for the wino given in Table 15 for the associated 

production mechanism, it is clear that real decays of W* and Z” bosons is the main 

production mechanism for the masses accessible in present generation colliders. The 

decays of W* and Z” bosons are also a possible source of sleptons and sneutrinos 

ifmi+m~<mw, Zmf<ms,or2mfi<mr. 
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1. Superrymmetry at the SSC 

At SSC energies the discovery limits for superpartners are greatly extended. For ex- 

ample the total cross section for gluino pair production in pp collisions as a function 

of the gluino mass is shown in Figure 85 for various supercollider energies. Even 
with the very conservative assumption that 10,000 produced events are requked ’ 

for detection, the diicovery limit is 1.6 TeV/cs at fi = 40 TeV for integrated 

luminosity of 1040cm-s. 

At supercollider energies there are additional production mechanisms for super- 

partners including: 

. Pair production of the electroweak gauginos from quark-antiquark initiai states. 

l Production of electroweak gauginos, sleptons, sneutrinos, and even Higgsinos 

via the generalized Drell-Yan mechanism (i.e. virtual W*, Z”, and 7). 

The details about the production and detection of superpartners st SSC energies 

may be found in EHLQ and Ref.155. The diicovery limits for all the superpartners 

at Js = 40 TeV are summarized in Table 16. 

If supersymmetry plays a role in resolving the naturalness problem of the stan- 

dard model, the scale of supersymmetry breaking can not be much higher than the 

electroweak scale; and therefore the mssses of the superpartners should also be in 

this mass range. It is clear from Table 16 that in this cue superpartners will be 

discovered at or below SSC energies. 
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Figure 55: Cross sections for the reaction pp ’ -+ Gi + anything as a function of 
the gluino mass, according to the parton diitributions of Set 2. Rata shown for 

collider energies fi = 2, 10, 20, 40, md 100 TeV. Both gluinos are ratricted to 

the interval (yil < 1.5. The squark mws is set equal to the gluino mass. (From 

EHLQ) 
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Table 16: Expected discovery limits for supcrpartnere at the SSC for various in: 

tegrstid luminosities Associated production of gaug&e and squuks ie assumed. 

All superpartner mmeee arc set equal. 

p p collisions fi = 40 TeV 

Mrss limit (Gev/e’) 

Superpartner /dtL (cm)-’ 

1oY 103, 104 

(uY&%-%ts) 
900 1,600 2,500 

Squark 
(up and down) 
(moo eYcnts) 

800 1,450 2,300 

( l~h:%S) 
350 750 1,350 

500 825 

550 1,000 

850 1,350 

200 400 

(laooz~~~ts) 
250 

(1JKts) 
300 

pair production 

(T&K!!%) 500 
(lii%%a) 

100 
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VIII. CONCLUDIN!: REMARK 

Ha&on-ha&on colliden will be one Of the main testing grounds for both the 
standard model and possible new physics. Specific applications have been detailed b 

these seven lectures. However I would like to conclude thae lecturea with a general 
remark. The advancu of the last decade have brought ua to a deep understanding . 

of the fundamental constituents of matter and their interactions. Progress toward a 

fuller synthesis will require both theoretical and experimental breakthrouh. The 

praent generation of hadron (and also lepton) collide= are bound to provide much 

additional information. But the full exploration of the phyrics of the TeV acde will 

require the next generation of hadron colliders - the supercollider - M well. 
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